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Abstract
The major goal of this research was to determine whether organic ionic 
plastic crystals could be made into selective membranes for the purpose of separating
CO2 from N2.  It was thought this would be the case because of their chemical 
similarity to ionic liquids.  OIPC-based membranes were fabricated it was 
demonstrated that these membranes have permeability selectivities comparable to 
supported ionic liquid membranes on the basis of single-gas permeation experiments.
Specifically, permeability selectivities of 30 for the P122i4PF6/PVDF composite, 100 
+/- 70 for the P12BF4/PVDF composite, and 240 +/- 100 for the P12FSI/PVDF 
composite were calculated for the CO2/N2 gas pair at 35 °C.  Wide uncertainties were
calculated for the selectivities of the P12BF4/PVDF and P12FSI/PVDF composites on 
the basis of low nitrogen permeation rates.
In addition to selective permeation, it was shown that the OIPC/PVDF 
composites tested are also more physically robust than supported liquid membranes, 
supported ionic liquid membranes, and physically gelled RTIL membranes, 
sustaining transmembrane pressures of several bar during normal testing.  Behavior 
at high temperature and pressure were also tested, showing that the OIPC component
of an OIPC/PVDF composite can still be displaced.
A selection of instrumental techniques was used to probe the OIPCs for 
evidence of dissolved CO2.  DSC showed that P122i4PF6 solid-solid phase transition 
entropies were reduced after the incorporation of PVDF nanofibers and also after 
exposure to CO2.  
1H NMR on P122i4PF6 also showed that an increase in the mobile 
component of the OIPC occurred both after the introduction of PVDF nanofibers and
after exposure of the composite to CO2.  IR spectroscopy showed that peaks 
associated with the cation were responsive to exposure to CO2, but that peaks 
associated with the anion were unresponsive.  IR spectroscopy was also used with 
P12BF4 and P12FSI and while changes in the P12BF4 spectrum were seen in response to
changes in temperature and in response to the transition from solid phase II to phase 
I, there was no apparent change in either the P12BF4 or the P12FSI in response to 
exposure to CO2 at either ambient pressure or at 10 Bar.  This is most likely due to an
insufficient concentration of dissolved CO2 resulting from the relatively low partial 
pressures of CO2.  High pressure IR and NMR experiments are planned in the future 
work section.
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a trans-membrane pressure of 3000 mBar with no time for degassing.
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Figure 6.8: Model fit of nitrogen permeation in P12BF4/PVDF at 55 °C.  This 
experiment was performed following vacuum and shows the mode’s ability to fit 
solubility under normal circumstances.
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CHAPTER 1
LITERATURE REVIEW
1.1 Introduction
The  impetus  to  remove  carbon  dioxide  from  mixed  gases  pre-dates  any
modern  considerations  relating  to  climate  change.   Long  before  the  term
‘anthropogenic climate change’ was even introduced into the common vernacular, the
separation of  carbon dioxide  from methane,  for  example,  was a  goal  in  industry
because it reduces combustion efficiency and has a propensity to form carbonic acid
in the presence of water.  Since carbon dioxide is also a biological waste product, its
separation from prevalent atmospheric gases like oxygen has been a topic of interest
in closed life-supporting environments as far back as the Space Race.  Most pertinent
to the present work, however, is the separation of carbon dioxide from the primary
atmospheric constituent gas, nitrogen.
Coal and other fossil fuels have allowed humans to enjoy an unprecedented
standard of living and are still used to meet more than half of global energy demand.
Emission  of  fossil  fuel  combustion  products  are  traditionally  vented  into  the
atmosphere after having been treated by equipment like catalytic converters in cars
and  SOx and  NOx scrubbers  in  power  stations,  but  the  concentrations  of  these
contaminants  are  relatively  low  in  their  respective  effluent  streams.   In  recent
decades, the degree to which atmospheric carbon dioxide can contribute to thermal
energy  storage  and  the  effects  that  might  have  on  global  climate  have  become
increasingly well understood.  The result has been an increase in political pressure
and  the  anticipation  in  some  domains,  such  as  in  power  generation,  of  a
commensurate increase in regulatory pressure to reduce carbon emissions.
As large point-source emitters, coal-fired power stations do make attractive
sequestration targets and there exist  plant designs that would eliminate or greatly
reduce  carbon  emissions.   So-called  pre-  and  oxy-combustion  plants  can  be
expensive, but would generate nearly pure carbon dioxide that would only need to be
pumped to pipeline pressures for storage.   The simplest  solution seems to be the
gradual decommissioning and replacement of legacy plants with these new designs,
but energy demand is growing so rapidly that virtually all of the legacy plants in
operation today are expected to stay in operation through the year 2030 and global
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carbon emissions are expected to increase by 16% to 36Gt/annum over the same
period.   The retrofitting of carbon capture technology to legacy coal-fired power
plants  in  a  post-combustion  paradigm  thus  becomes  a  necessary  facet  of  any
aggressive  emissions  reduction  strategy  and  the  need  for  economically  viable
candidates  for  implementation  in  such  a  strategy  has  spawned  an  ecosystem  of
competing and complementary systems.
Amine-based materials  such as  alkanolamines  are  known to  separate  CO2
from N2 by  preferentially  binding  the  CO2.   Gas  contactors  can  be  designed  to
efficiently introduce a gas stream to an amine-based solvent to enable this type of
capture  and the  solvent  is  pumped  away for  regeneration.   This  is,  however,  an
energy  intensive  process.   Membranes,  on  the  other  hand,  offer  a  favourable
alternative as they operate on a pressure gradient and are otherwise passive, reducing
energy requirements.  Several years ago, a supported liquid membrane was prepared
using a low-melting salt called an ionic liquid.  The ionic liquid component allowed
the membrane to be both highly selective and highly permeable, but the liquid phase
was easily displaced by the physical force applied by the pressure gradient across the
membrane.
In  this  research,  the  applicability  of  organic  ionic  plastic  crystals  to  gas
separation is tested.  Organic ionic plastic crystals are a type of disordered solid that
will be discussed in more detail in the literature review.  They have chemistry that is
very similar to that of ionic liquids like those used successfully in membranes, but
they are solids instead of liquids, so they should be more physically robust than ionic
liquids.  But they're disordered solids, so they should have higher diffusivity than
regular  solids  and  this  should  promote  permeability.   Ultimately,  there  is  a  gap
between supported ionic liquid membranes and polymer membranes and this thesis
seeks to determine the suitability of organic ionic plastic crystal membranes to filling
that gap by providing a highly selective membrane with more physical robustness
than a supported ionic liquid membrane.
1.2 General Introduction
The Earth's atmosphere consists primarily of nitrogen, oxygen, water vapour, 
carbon dioxide, and other components in smaller amounts.  Some of these 
components, particularly water vapour and carbon dioxide, are effective at absorbing 
infra-red radiation, with the effect of insulating the planet by trapping heat in 
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proportion to their concentrations 1.  More powerful infra-red absorbers like water 
vapour exist in an equilibrium involving rates of precipitation and evaporation 
among other things.  Similarly, the carbon cycle involves natural rates of carbon 
emission and sequestration.  Since industrialisation, carbon dioxide has been 
reintroduced to the carbon cycle at ever-increasing rates via fossil fuel combustion.  
The Intergovernmental Panel on Climate Change (IPCC) represents an 
interdisciplinary body of scientists who empirically study and attempt, through 
simulations, to predict the effects of the resulting increase in the energy budget of the
Earth's atmosphere.  In recent decades, the IPCC and others 2 have observed and/or 
warned of consequences including intense weather, food and water shortages, ocean 
acidification, and increases in rates of extinction and species migration 3.
In response, there is increasing popular and governmental support around the 
world for a reduction in carbon emission and a shift toward renewable sources of 
energy.  In particular, the IPCC and the recent United Nations Climate Change 
Conference held in Paris in 2015 recommend that temperature increases should be 
limited to between 1.5 and 2 °C compared with the pre-industrial average.  
According to the IPCC, the only emissions scenario that is likely to result in 
temperature increases of fewer than 2 °C degrees by 2100 is the RPC2.6 scenario 
which presumes that global carbon emissions will peak between 2010 and 2020 3.  In 
a 2016 report, the US Energy Information Administration projected increases in 
consumption of oil, coal, and natural gas for energy production through to at least 
2040.  This includes a continued increase in global carbon emissions over the same 
period 4, making the 2 °C target an unlikely one to meet without aggressive 
implementation of strategies on multiple fronts, including large scale retroactive 
removal of CO2 from the atmosphere.
The US Department of Energy describes one such strategy in a plan for 
Carbon Capture and Sequestration (CCS) 5 according to which CO2 would be 
captured and stored deep underground as a supercritical fluid.  Legacy power 
infrastructure would be a major supplier of CO2 for CCS.  Power plants are point-
source emitters and contribute around 25% of global greenhouse gas emissions 3, 
making them attractive targets for emission reduction.  Legacy infrastructure uses 
atmospheric oxygen to combust fuel, carrying atmospheric nitrogen through the 
process unreacted and resulting in a flue gas consisting of around 10% CO2 with the 
rest consisting of nitrogen and water vapour.  Thus, CO2 must be separated from 
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nitrogen.  While plant designs exist that would produce pure CO2 6,7, the equipment 
for storing cryogenic oxygen is costly and requires a different separation - that of 
oxygen from nitrogen - which is currently significantly less efficient than the 
separation of CO2 from nitrogen 8.  Furthermore, with ever-increasing energy demand
and the compounding effect of the shift toward electric vehicles, the 
decommissioning of legacy power infrastructure is projected to be slow 6.  All of this 
underscores the importance of developing a technology that can be retrofitted to 
legacy power infrastructure.
1.3 Retrofittable Technologies for Post-Combustion Capture
The  first  part  of  this  section  introduces  reversible  amine-based  chemistry
which, in its own right, is a contender for application in industrial temperature- and
pressure-swing  separation  processes,  but  which  also  provides  a  basis  for
understanding the phenomena of dissolution and facilitated transport in membranes.
Next, a treatment of trends in the field of membrane-based CO2 separations illustrates
the ways in which foundational technologies such as amine- and ionic liquid-based
chemical and physical systems have informed the design of composite membranes
and  of  polymeric  supports.   Finally,  inclusion  of  strategically  selected  plastic
crystalline materials in the paradigm of membrane-based carbon dioxide separations
makes  available  interesting  phase-dependent  molecular  transport  properties  in  a
range of temperatures suitable for industrial deployment.  These plastic crystalline
materials  are  able  to  withstand higher  pressures than their  supported ionic liquid
counterparts.  At the intersection of these disciplines sits the research subject of this
thesis -- To design supported organic ionic plastic crystal polymeric membranes and
determine their permeability-selectivities for the CO2/nitrogen gas pair.
1.3.1 Amine-Based CO2 Capture
Scheme 1.1
2RNH2 + CO2 ↔ RNHCO2- + RNH3+
The carbon capture ability of alkanolamines has been known for at least 80
years and they are widely used in industrial CO2 separations 9.  Scheme 1.1 shows the
reversible fixation of CO2 by a substituted amine.  Monoethanolamine (MEA) is one
of the most well studied of the substituted amines.  In the case of alkanolamines, the
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amine group is so much more reactive than the alcohol that the alcohol is essentially
inert by comparison.
Figure 1.1 - VLE reproduction 10
Vapour Liquid Equilibrium (VLE) experiments show the speciation of MEA
and a few other alkanolamines in aqueous solutions under various CO2 loadings and
verify that the reaction in Scheme 1.1 is the primary mode of capture at low loading
(<0.4 mole  fraction CO2/alkanolamine)  (Figure  1.1)  10,11.   In  addition to  showing
carbamate formation as the primary mode of capture at low concentrations and a
concomitant  buffering  of  the  acidic  protons  by  a  second  equivalent  of  the
alkanolamine, these diagrams show the results of overloading the capture medium.
At a loading ratio of approximately 2:1, the alkanolamine reaches capacity and CO2
begins to fix as carbonic acid.  The alkanolamine-carbamate begins to act as a buffer
by becoming reprotonated, dissociating, evolving CO2 from solution, and becoming
reprotonated  again  to  form the  ammonium.   When  this  second-stage  capacity  is
reached, the alkanolamine has absorbed an equivalence of protons and 1:1 capture
has effectively been reached, with the net capture mode ultimately being the same as
in the case of the alkoxides.
Selectivity is not the sole concern in the case of chemical capture.  There are
gases that are similar enough to CO2 that they would be captured incidentally, and
selectivity could become a problem.  There are also materials that are capable of
irreversibly binding with and effectively disabling the capture material.  In practical
applications, however, such as in industrial processes, the compositions of the mixed
bases from which some separation is  necessary are  generally well  known and so
conflicts  that might inhibit  selectivity or that might degrade performance through
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side reactions can usually be avoided.  Nevertheless, there are some cases in which
degradation via  thermal  or  autoreactive  pathways is  unavoidable.   Gouedard  and
others  have  compiled  lists  of  such  degradation  modes  in  commonly  studied
alkanolamines  12–14 and  the  list  includes  the  formation  of  ureas  and  heterocycles
among other related side-reactions.
Compared with other alkanolamines, MEA combines fast  kinetics  15 and a
high atom-economy.  Typically, a primary amine will be more reactive in carbamate
formation than a secondary amine and a tertiary amine will be unable to form a stable
carbamate  because  of  steric  hindrance  16.   This  trend is  why tertiary  amines  are
usually  present  only  as  promoters  and  the  main  covalent  capture  competition  is
between primary and secondary amines 17.
There may be valid concerns about the energetics of regenerating primary
amines 18, but there are secondary amines under study that have high molar capacities
and reactivities  on  a  scale  similar  to  MEA  19,20.   Having established that  amines
perform as required (under a set of conditions whose management is ultimately an
engineering problem), they present a complication that will be present in almost any
molecular liquid  – volatility.  Neglecting the aforementioned degradation products,
scaling MEA to the output of a large coal-fired power plant would likely result in a
fugitive emissions that would far exceed safe environmental limits 21,22.
Because of the barrier presented by electrostatic forces, the point at which an
alkanolamine is least prone to suffer from volatility is the right-hand side of Scheme
1.1 when two molecules have become an ion pair in the course of fixing a molecule
of CO2.  In order to incorporate the benefits of a permanent ion pair into a capture
material, a solid organic salt or an ionic liquid would be synthesized.
1.3.2 Ionic Liquids and their use in CO2 Capture and Separation
Ionic liquids are ionic materials that are liquid below 100 °C and have a sub-
category  known  as  room  temperature  ionic  liquids  that  are  liquid  at  room
temperature  23,24.   They are composed of a pair of permanent ions that tend to be
bulky in  comparison with  their  inorganic  counterparts.   This  results  in  a  diffuse
charge and irregularity of shape that result in a reduction in packing efficiency and
lattice energy and ultimately help reduce the melting point 25.  These materials also
commonly exhibit high thermal stability and volatility that is essentially negligible 26
until their degradation temperatures  27.  Synthesis can be straightforward and Prof.
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Seddon  famously  quoted  their  potential  binary  and  ternary  combinations  in  the
ranges of 1012 and 1018 combinations, respectively 28.  Numbers like these imply that
ionic liquids can be designed or selected in  such a way as to make them highly
application  specific.   Having  received  a  large  amount  of  study  as  electrolyte
materials 29–39, their 'chemical tunability' has expanded their potential application into
fields as diverse as propellants 40, drug delivery 41, antimicrobial plasticizers for use
in hospitals 42, solvents for dissolution of chitin 43, and even CO2 capture.
Figure 1.2 - Reversible capture of CO2 by an ionic liquid 44.  Shown is the CO2-adduct of the an 
amine-functionalized dialkylimidazolium tetrafluoroborate.  The illustration emphasizes the 
involvement of two equivalents of amine per molecule of CO2 captured, hence the presence of two 
cations and two anions.
In 2002, the Davis group showed the first example of covalent CO2 capture
using an ionic liquid (Figure 1.2)  44.  NMR and gravimetric analysis show that the
capture  mode  is  the  same  as  in  alkanolamines.   In  the  years  following  this
experiment, amino acid derived ionic liquids became a topic of interest due to their
relative abundance, ease of preparation, and low toxicity.  Shortly afterward, amino
acid ionic liquids (AAILs) were under study for their carbon capture properties.  As
was the case with alkoxides studied under dry conditions, amino acid derived ionic
liquids  45 and other amine-functionalized ionic liquids  46,47 also exhibited a spike in
viscosity upon exposure to CO2.  This increase in viscosity is undesirable because it
hampers mass transport and increases the expense of the equipment that would be
required to pump the material to and from a regeneration chamber.  Efforts to model
this increased viscosity were consistent with the formation of a hydrogen-bonding
network 48.
Some research groups tried to overcome this problem by using mixtures of
ILs and additives like polyethylene glycol 47 and other groups opted to stay with pure
IL systems, designing them around large 49,50 or asymmetric 51 cations that have been
shown to reduce viscosity.   The Brennecke group, for example,  continued to  use
amino acid derived ionic liquids with strategically selected cations and found that
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[P66614][Prolinate]  and [P66614][Methioninate]  were  both  relatively  low in  viscosity
and,  somewhat  surprisingly  based  on  the  capture  mechanisms  established  in
alkanolamine literature, able to absorb a mole of CO2 per mole of amine  52.  This
result was followed up by a computational study attesting to the unusual stability of
the  proline-  and methionine-carbamic  acids  even in  wet  conditions  53.   Work by
McDonald et al. investigated this phenomenon by NMR and found that the general
mechanism in wet amine-functionalized ionic liquid CO2 fixation is the same as in
prior VLE experiments done with alkanolamines 22,54.
The chemical capture capacity of an amine-functionalized material is more a
function of the number of moles of amine present than anything else.  Even in the
absence of chemical capture-capable functional groups, however, physical absorption
does still occur and, because of the weak nature of the solute-solvent interactions, the
capacity of a material to physically absorb a gas is predominantly a function of the
partial pressure of the gas.
In  2002,  the  Brennecke  group  was  one  of  the  first  groups  to  display  an
interest  in  quantifying  the  general  solubility  of  gases  in  ionic  liquids  55.   Their
approach was to experimentally determine Henry’s law constants for a variety of
gases over [bmim][PF6] and they were able to determine that CO2 was much more
soluble  than  other  light  gases  including  methane,  oxygen,  and  nitrogen.   What
constitutes high solubility in the case of physical capture in a neat ionic liquid is on
the order of 1 mol% at partial pressures found in commercial applications (~10kPa)56.
It was later shown through experiment and simulation that the anion plays the
decisive role  in determining the solubility of CO2 in alkyl-imidazolium based ionic
liquids 56,57 and, further, that increasing the degree of fluorination also increases the
propensity  for  CO2 absorption  58–60,  likely  as  a  result  of  the  fluorine-carbon
interactions that can take place between fluorine on the ionic liquid and the carbon
on the CO2 61.   As for the role of the ionic liquid cation,  substitution length and
asymmetry are important factors 62,63.  For example, the P66614 cation exhibits not only
higher solubility than imidazoliums paired with the same anions, but it also shows an
increase in solubility at higher pressures 64.
With respect to the ionic liquid cation, bulk and asymmetry have been shown
to increase the solubility of CO2 in ionic liquids and the link between these attributes
and  free  volume  has  been  mentioned  as  asides  by  some  authors  58,63.   In  2011,
Babarao et al more directly asserted the same based on their work with ionic liquids
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containing the tetracyanoborate anion.  They concluded that a more diffusely charged
ion results in weaker interactions with the counter-ion and can lead to an increase in
molar volume and, with it, free volume and solubility 65.  Several other recent studies
have identified a similar trend between solubility and free volume 66–68.  In the course
of examining the relationship between free volume and CO2 solubility, the Brennecke
group found that, as an exception to the general trend, [emim][HSO4] was able to
dissolve more CO2 than [emim][MeSO4] despite having a ‘free volume handicap’ and
it  was concluded that  the higher  electron density  on the hydrogensulfate was the
cause 68.  This reaffirms the importance of having electron density in addition to free
volume.
Several factors have been shown to influence gas solubility.  One of those 
factors is the inclusion of electron-rich functionality, most commonly, fluorination of 
the anion, although perfluorinated alkylimidazoliums have also been reported 58,60.  
Other design considerations which have been correlated with increases in CO2 
solubility include increasing alkyl chain length 63, bulk as in the case of the P66614 
cation 64, and weakening inter-ionic interactions between the ions of an ionic liquid69.
Each of these has the effect of increasing free volume 70.  In fact, increasing 
fractional free volume by increasing the molar volume of the ionic liquid has proved 
an effective way to improve CO2 solubility.  This has been made clear in two studies. 
One of these places the importance of cation-anion interactions above CO2-anion 
interactions showing, in a computational study of CO2 solubility in an IL utilising the
tetracyanoborate anion 65, that weak inter-ionic interactions increases molar volume 
with the effect of increasing CO2 solubility.  The other used the COSMO software 
package to calculate fractional free volumes for a number of ionic liquids 71, 
providing advantages over regular solution theory 67,72,73and ultimately relating gas 
solubility in ionic liquids back to volume, which is also important in polymers.  The 
general criteria developing in the field of ionic liquids with respect to carbon dioxide 
solubility should extend, by analogy, to the design and selection of organic ionic 
plastic crystals for permeation through a solid-state membrane.
1.3.3 Membranes
While chemical capture is a feature in some facilitated transport membranes74
and  physical  dissolution  is  a  pillar  of  the  solution-diffusion  model  in  general  75,
membrane-based technology is distinct from both.  Membranes work passively on
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the basis of a pressure gradient established across them.  In the lab, this pressure
gradient  is  typically  achieved by holding  a  stable  pressure  on  the  feed  side  and
pulling  a  vacuum  on  the  permeate  side.   In  the  case  of  a  pilot  test  using  the
commercial  Polaris  membrane  on  a  small  slipstream  from  the  Gaston  plant  in
Wilsonville,  Alabama  76,  the  feed  gas  was  pressurised  to  20-30  psig  while  the
permeate side was evacuated to 1-3 psia for a gradient of around 3 atmospheres in
practice.   Because  heating  is  not  required  to  regenerate  a  scrubbing  agent  and
because  the  pressure  requirements  are  so  modest,  a  membrane-based  separation
process can be energetically efficient.
In terms of basic types of membrane,  the main delineation is  whether the
membrane is a porous or a dense material.  The term porous generally encompasses
mechanisms based on physical interactions like diffusion on the basis of molecular
weight,  the  sieving  of  light  gases  on  the  basis  of  kinetic  diameter  of  the  gas
molecules, or the condensation of a particular target gas resulting in the simultaneous
blockage of other, less condensible gases and the evolution of the target gas into a
separate volume for collection  77.   In a polymer membrane,  the permeability is a
function of the solubility of the gas in the membrane and the free volume available
for diffusion.  In the case of facilitated transport, complexation of the CO2 occurs in
the form of carbamate formation 74,78 on one side of the membrane and the complex
diffuses  across  the  membrane  to  where  the  complexing  agent  is  regenerated,
releasing the gas into a separate volume.  These porous and polymeric membranes
can  also  be  combined  into  multi-functional  structures  including  thin  film
composites79 and hollow fibers 80.
Modest sized power stations (~600MW) can require membranes on the order
of a square kilometer in membrane surface area 6.  Polymer membranes are widely
studied and used on account of being relatively cheap and easy to fabricate at scale.
With potentially low operational costs, the cost of maintaining a pressure gradient
across the membrane and of pressurising the separated CO2 to pipeline pressures, the
cost-competitiveness of membranes with alkanolamines and other capture agents is
limited by the efficiency of the materials that compose the membrane.  For example,
a more selective membrane may require fewer passes to purify a gas stream to target
levels,  while  a  more  permeable  membrane  will  allow  for  the  same  flux  with  a
proportionally smaller effective membrane area, reducing material costs.
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Two of the most important material and configurational considerations are the
permeability selectivity for the target gas over others and the rate of flux of the target
gas through the membrane.  The latter is a configurational consideration rather than a
material one because while permeability is a material property, permeance, or the
actual  flux,  can  be  adjusted  by  controlling  membrane  thickness.   Some
configurations involve the use of a very thin (~100 nm) membrane as a selective
layer while a much more porous and less selective layer is used as a mechanical
support.
1.3.3.1 Transport in Membranes
The  most  widely  accepted  model  for  gas  transport  in  liquids  and  dense
polymer  membranes  is  the  solution-diffusion  model.   As  it  relates  to  polymer
membranes,  a  gas  contacts  and  dissolves  into  the  high-pressure  surface  of  a
membrane  and  diffuses  across  it  before  desorbing  again  from  the  low-pressure
surface.  Under this model, it  is assumed that the permeability, P, of a gas is the
product  of  its  solubility,  S,  in  a  membrane  and  its  diffusivity,  D,  through  the
membrane.
1.3.3.2 Solubility
Gas solubility in liquids and rubbery polymers is described by Henry's law 
(eq 1.1).  The concentration, C, of the gas dissolved in the medium is related in direct
proportion to the partial pressure, p, of the gas above the medium via a constant, kD, 
that will depend on the relationship between the gas and the medium.
eq 1.1
C = kD * p
1.3.3.3 Diffusion
Diffusion of gases through liquids and polymers can be described using Fick's
1st law (eq 1.2) which pertains to flux at equilibrium.  The flux, J, across a plane is 
described via a rate of diffusion, D, related to a concentration gradient, ∂c, and the 
distance travelled, ∂x.  In the case of a membrane, the concentration gradient would 
be established as the difference between the concentrations at the high- and low-
pressure surfaces of the membrane and by the distance between them.
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eq 1.2
J = -D (∂c/∂x) ≈ -D (Ch - Cl) / l
Cohen and Turnbull 81 conceptualised a liquid made of a collection of hard 
spheres and described a diffusion mechanism in which, when a critical volume 
becomes available, a particle will stochastically migrate into it.  This mechanism, 
invoked in polymers and ionic liquids is defined in eq 1.3.  C is a scaling factor, 
while γ is the hole overlap factor, ν* is the critical volume required for diffusion, and
νf is the mean hole volume in the bulk material.  This relationship suggests that 
diffusion rates will increase as the size of the diffusing particle decreases and as free 
volume increases and is sometimes simplified to equation 1.4 in which A and B, 
represent the pre-exponential factors and the product of the "hole overlap" factor and 
the critical volume, respectively, from eq 1.3.
eq 1.3
σ = CT-1/2exp(-γν*/νf)
eq 1.4
D = A exp(-B/FFV)
Given this understanding of diffusion, another concept, fractional free volume
or FFV, is referenced for its contributions to gas solubility in polymers and ionic 
liquids as well as to diffusivity in polymers.  Fractional free volume is the volume 
available for diffusion in a material and is defined in eq 1.5 as a fraction of the 
difference between the molar volume, V, and the van der Waals volume, Vw, 
calculated in accordance with the methods described by Bondi 82.
eq 1.5
Vf = (V - 1.3Vw)/V
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1.3.3.4 Permeability
Equation 1.6 shows that permeability, P, is a direct, multiplicative relationship
between solubility, S, and diffusivity, D.  Permeability-selectivity, in equation 1.7, is 
defined as the ratios of the permeabilities of the two gases, A and B.
eq 1.6
P = DS
eq 1.7
αA/B = PA/PB
Often, gas permeation tests in the literature, as well as in this work, are 
typically performed on a single gas at a time.  This relaxes requirements for such 
equipment as gas chromatographs or other equipment necessary for determining the 
composition of the permeate gas.  It also reduces the number of experiments 
necessary if one chooses to perform a battery of tests across gases.  If a number of 
common gases are to be tested, then instead of performing [k(k-1)]/2 permeation 
experiments to probe all the binary mixtures of k gases, the researcher can instead 
perform k experiments, one for each gas.  The results are then comparable between 
gases by making assumptions of ideal behaviour.
Ideal behaviour implies two things; first, the gases do not interact with one 
another (i.e. in a mixed gas experiment, the individual gas types would behave as 
though other gases were not present) and, second, the gases do not interact with the 
material through which they are permeating.  In practice, interactions between a gas 
and other gases or between a gas and the membrane material can be significant.  For 
example, condensible gases like CO2 or propane can block pores, physically limiting 
the flow of other gases.  Another example is plasticization, discussed in more detail 
later, in which a condensible gas reaches a threshold concentration, causing the 
chains of a polymer to become more mobile, increasing overall permeability, but 
reducing selectivity.  With these factors in mind, while single-gas experiments are not
sufficient to fully characterise a membrane, they do provide meaningful information 
and are common practice in estimating the mixed-gas performance of membrane 
materials.
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To perform single-gas experiments, such as those in this thesis, a "time-lag" 
apparatus can be employed in which two chambers are separated by the membrane 
with each chamber outfitted with a pressure transducer.  A pressure gradient is 
established across the membrane, typically with one chamber pressurised and the 
other evacuated, and the transducers are monitored as gas flows across the 
membrane.
In a typical permeate pressure transducer measurement, the membrane and 
permeate tank are held under vacuum for a period of time before the feed gas is 
introduced.  The flux is determined empirically as the slope of the steady state 
portion of the permeate pressure measurement.  Permeability can then be defined in 
terms of flux as in equation 1.8 where l is the thickness of the membrane and Δp is 
the trans-membrane pressure.
eq 1.8
P = (J * l) / Δp
The time-lag parameter, shown in equation 1.9 as θ, is the x-intercept of the 
extrapolation of the steady-state portion of the curve.  In 1957, Frisch derived a 
relationship for thin films between this time-lag parameter and the diffusion 
coefficient, shown in equation 1.9.  Able to determine permeability from equation 1.6
and diffusivity from equation 1.9, equation 1.6 can be transposed in equation 1.10 to 
calculate solubility.
eq 1.9
D = l2/6θ
eq 1.10
S = P/D
Combining the units from eq 1.2, eq 1.8, and eq 1.9, gives the units of the 
Barrer unit of permeability (eq 1.11).  The Barrer is composed of the units of 
permeability from equation 1.8 and includes a term for the thickness of the 
membrane which makes it useful for comparing performance between materials.  The
GPU (eq 1.12) is a unit of permeance and so does not consider membrane thickness.  
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The GPU is used to relate the real-world performance of a particular incarnation of a 
membrane.
eq 1.11
1 Barrer = [10-10 (cm3(STP) cm)/(cm2 sec cmHg)]
eq 1.12
1 GPU = [10-6 (cm3(STP))/(cm2 sec cmHg)]
1.3.3.5 Thermal Activation
Diffusion and, by extension, permeability are thermally activated processes.  
When represented on an Arrhenius plot against inverse temperature, the activation 
energy of the process is derived from the slope of the line.  Similarly, the enthalpy of 
solution can be obtained by plotting solubility against inverse temperature.  The 
equations for the energy of activation of diffusion, ED in eq 1.13, and for the enthalpy
of solution, HS in eq 1.14, and for the energy of activation of permeation, EP in eq 
1.15, are shown below.  Equation 1.16 is algebraically similar to equation 1.6 
showing that while permeability is the product of diffusivity and solubility, the 
energy of activation of permeation is the sum of the energy of activation of diffusion 
and the enthalpy of solution.
eq 1.13
D = D0 exp(-ED/RT)
eq 1.14
S = S0 exp(-HS/RT)
eq 1.15
P = P0 exp(-EP/RT)
eq 1.16
EP = ED + HS
There exist many logistical metrics that can be used to judge the suitability of
a membrane including cost and ease of manufacture.  Constraints on experimental 
parameters such as temperature or humidity may limit the range of application of a 
particular material.  In terms of performance, however, the two cardinal metrics are 
permeability-selectivity and permeability.  These are often presented in the form of a 
Robeson plot (Figure 1.3) which is a double-log plot showing CO2 permeability on 
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the x-axis and CO2/N2 permeability selectivity on the y-axis.  The significance of the 
"upper bound", as defined in 1991 by Robeson, is that it shows material performance 
in the context of an inherent trade-off between selectivity and permeability.  
Temperature is known to have an effect on the upper bound with colder temperatures 
resulting in higher selectivity for the CO2/N2 gas pair, but exceeding it for a set of 
standard operating conditions often requires some type of innovation.
Figure 1.3 - Robeson's plot showing permeability selectivity of the CO2/N2 gas pair plotted against 
CO2 permeability 8.
1.3.3.6 Rubbery Polymers
Rubbery polymers generally obey Henry's law, equation 1.1, for dissolution 
of gases.  For diffusion, Fick's law, equation 1.2, is usually obeyed.  The chain 
segments in a rubbery polymer are mobile enough that the bulk polymer has not yet 
undergone a glass transition, giving rubbery polymers a fixed amount of 
stochastically distributed free volume as a function of temperature.
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Figure 1.4 - Below their glass transition temperatures, polymers trap in excess free volume.  Here, Vg 
is the free volume available in the glassy state versus Vl which is the free volume available in the 
rubber state.  The difference between the two is excess free volume 83.
1.3.3.7 Glassy Polymers
Glassy polymers differ from rubbery polymers in having undergone a glass 
transition.  In the glassy state, the polymer is no longer in thermodynamic 
equilibrium with respect to volume because the polymer chain segmental mobility 
has become too low to stay in equilibrium at a given temperature.  The glassy state 
represents a gap between the thermodynamics and kinetics of the polymer as 
reflected by differences in the coefficients of thermal expansion above and below the 
glass transition.  The effect is the trapping of excess free volume, shown in Figure 
1.4.  Excess free volume is correlated with an increase in permeability-selectivity, 
with condensible gases like CO2 benefiting disproportionately.
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1.3.3.8 Solubility in Glassy Polymers
For glassy polymers, in which persistent, accessible microstructures exist, a 
second sorption mechanism is active in which the gas is now able to adsorb onto the 
surfaces of those microstructures.  The resulting dual-sorption mode is summarized 
in eq 1.17 which shows that the total concentration, C, of gas dissolved in the 
medium is the sum of the Henry's law term, CD, and the Langmuir term, CH.
eq 1.17
C = CD + CH
Where CD is defined as C in eq 1.1, the term CH is defined in eq 1.18.  Given 
that the Langmuir sorption mechanism involves adsorption onto the surfaces of 
microstructures, C'H is the hole capacity and represents the volume available for 
sorption.  b is the hole affinity, describing the likelihood that a molecule of the 
penetrant will be engaged with a hole.
eq 1.18
CH = C'Hbp / 1+bp
Equation 1.19, illustrated in Figure 1.4, defines the Langmuir hole capacity 
term, C'H.  Vg is the specific volume of a glassy polymer and Vl is the specific 
volume of the same polymer at equilibrium.  The difference between these volumes 
is available for Langmuir type sorption.  Finally, p* is the density of the condensed 
penetrant gas.
eq 1.19
C'H = [ (Vg - Vl) / Vg ] p*
The Langmuir term can essentially always be included because the C'H term, 
and therefore the CH term, go to zero above the glass transition where Vg and Vl are 
equal.  A corollary of equation 1.19 is that polymers with higher glass transitions are 
likely to have larger hole capacities available at a given temperature of application.
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1.3.3.9 The importance of free volume
As in the case of ionic liquids, and as will be discussed further in the section
on  plastic  crystals,  free  volume  plays  a  significant  role  in  diffusivity  through  a
membrane  84.   In  the  service  of  developing  membranes  of  ever-increasing  free
volume  content  for  application  in  light  gas  separations,  increasing  bulk  and
irregularity are being introduced into polymer designs.  One example is a polymer
that folds and contorts in irregular ways giving rise to free volumes that ultimately
interconnect to form contiguous pore structures  85–87.   Referred to as Polymers of
Intrinsic Microporosity (PIMs), these polymers are fixed into glassy membranes and
will therefore approach an equilibrium state via a number of mechanical and thermal
phenomena collectively referred  to  as  aging  88–90.   In  one type  of  study  91,  some
volume-probing technique like positron annihilation lifetime spectroscopy (PALS) is
used to correlate the aging process with a decrease in free volume and, consequently,
a decrease in diffusivity.  Thermally rearranged polymers  92–94 are another type of
glassy  polymer  with  high  free  volume content.   These  are  prepared  by inducing
chemical  and  conformational  changes  at  high  temperatures  with  the  resulting
polymer  being  relatively  resistant  to  plasticization  95,  which  improves  long-term
performance stability.
1.3.3.10 Aging
The polyacetylene poly[1-(trimethylsilyl)-1-propyne] (PTMSP) has the 
highest known permeability of any polymer and also has the highest known 
fractional free volume at around 25% or 32% if interstitial space is included.  It also 
demonstrates an intrinsic limitation of glassy polymers; aging.  Unfortunately, the 
high fractional free volume of a glassy polymer is transient.  The chains of a polymer
in the glassy state are less mobile than they are in the rubbery state, but they are still 
mobile and the polymer will endlessly approach an equilibrium state as the excess 
free volume diffuses out over time.  In PTMSP, this decrease in excess free volume is
particularly pronounced with an increase in density from 0.75g/cm3 to 0.85g/cm3 
after just 60 days of storage 83, with significant decreases in average cavity size, 
nanopore span, and nanopore radius of gyration over the same period, eventually 
approaching the fractional free volume of polysulfone.  The eventual result is a 
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decrease in permeability from 35,000 Barrer to 1,200 with an increase in CO2/N2 
permeability-selectivity from 5 to 21 96.
The aging of PTMSP over time is representative of the aging that occurs in 
glassy polymers in general.  What makes this phenomenon particularly pernicious is 
that it occurs at higher rates under commercially attractive conditions (i.e. elevated 
temperature and a selective layer <100 nm in thickness) 97.  Indeed both elevated 
temperature and decreasing film thickness are associated with increased rates of 
aging.  This has lead Adewole et al to write in a review that addressing the problem 
of aging is of greater significance at this point than increasing permeability-
selectivity 98.
In an effort to slow or prevent aging, the aforementioned PIMs have been 
designed to include a system of kinks due to substitutions and irregularities of shape 
developed to impede the sliding of polymer chain segments past one another as the 
excess free volume of the glassy state diffuses away.  Thermally rearranged polymers
are another attempt at slowing aging, but with a different approach.  Instead of 
simply beginning with bulky groups or asymmetry, thermally rearranged polymers 
are subject to a high temperature treatment after polymerisation, causing deformation
of the polymer chains in such a way as to physically prevent the slippage of polymer 
chain segments past one another.  Despite these efforts, both PIMs 90 and TR 
polymers are known to undergo aging.
Recent work by Noble et al. and Hill et al. involving post-polymerisation 
treatment using a porous aromatic framework that bonds, forming spherical 
structures, and trapping intersecting polymer chains 99.  The bulky substitutions on 
the polymer backbone are unable to fit through the interstices in the spherical 
structure and the result is that, even a year after storage, up to 91% of the original 
CO2 permeability of PTMSP is retained after PAF-1-Li6C60 treatment compared with 
26% in the untreated polymer 100.  Over the same time, nitrogen permeability fell by 
47%, resulting in a near doubling of permeability-selectivity while suffering only a 
slight decrease in the permeability of the target gas.
1.3.3.11 Plasticization
Plasticization occurs when a gas is dissolved in a membrane at concentrations
sufficient to force apart the chains of a polymer, increasing chain segmental mobility.
The normalised permeability of CO2 as a function of feed pressure in polysulfone 
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cast at various thicknesses shows a classic case of plasticization (Figure 1.5).  As the 
partial pressure of CO2 increases, permeability decreases as the condensible gas 
occupies more of the volume in the polymer.  Eventually, a critical concentration is 
crossed at the plasticization pressure, indicated by the pressure at which the 
permeability is lowest.  As can be seen in Figure 1.5, thinner films are more 
susceptible to plasticisation, plasticising at lower feed pressures in proportion to 
thickness.
As the feed pressure is increased past the plasticization pressure, permeability
begins to rise again, due to an increase in the mobility of the polymer chain 
segments.  As a result of this inducement, the plasticization phenomenon represents a
case in which the assumption of ideal behaviour between the penetrant gas and the 
membrane, relevant when deriving gas relationships on the basis of single-gas time-
lag experiments, is violated.  The result of this increase in chain segmental mobility 
is an indiscriminate increase in permeability across gases with the effect of reducing 
selectivity 101.  A corollary of this increased mobility is that the glass transition 
temperature, itself, is depressed 102.
While plasticization is generally undesirable, it has been leveraged in the lab 
to partially reverse physical aging by plasticising a PIM membrane with methanol 
and ethanol vapours 103 .  Even so, as plasticization is more prone to occurring in thin 
films 104, it has been named alongside aging as one of the primary challenges facing 
the field of membrane science 98.
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Figure 1.5: Example of plasticization in polysulfone.  The normalized permeability for permeability in
various thicknesses of polysulfone at 15 °C are shown.
In  summary,  glassy  polymers  generally  outperform  rubbery  ones  in  gas
separation applications.  Freeman and Robeson showed that this is due primarily to
an increase in solubility-selectivity that derives from the increased fractional free
volume that is found in a polymer's glassy state.  Glassy polymers, however, are not
in equilibrium and the excess free volume diffuses out over time 97.  Therefore, the
benefits conferred by the excess volume also decrease over time.  While promising
attempts have been made to slow the loss of free volume in glassy polymers, this
leaves room for membrane materials that exhibit high permeability and selectivity in
an equilibrium state.
1.4 Supported Ionic Liquid Membranes
Ionic liquids were first evaluated in supported ionic liquid membranes 
(SILMs) some time ago as it was thought their negligibly low volatility could help 
22
solve the problem of solvent retention in supported liquid membranes.  As relatively 
low molecular weight liquids, ionic liquids are already at equilibrium and are 
therefore not susceptible to physical aging or plasticisation in the same way that 
polymers are.  Although viscosity is higher in ionic liquids than in conventional 
organic solvents, limiting rates of diffusion 105, early results were promising when 
Noble et al showed in 2004 that the 1991 upper bound could be exceeded using this 
new class of impregnated membranes consisting of [emim][dca] supported in 
polyethersulfone 106.  Other work 107 using the ionic liquids [emim][NTf2] and [emim]
[dca] in humidified conditions showed that movement perpendicular to the upper 
bound was possible with permeability and permeability-selectivity appearing to 
asymptote as zero trans-membrane pressure was approached.  Aside from testing in 
unrealistic conditions, the problem with these and other types of SILM is that the 
ionic liquid component is physically displaced at low trans-membrane pressures.  
The 2004 results were based on trans-membrane pressures at or below 200 mBar and
quick survey of other results in the field shows that experimental pressure 
differentials rarely exceed a bar or two 108,109 with some studies quoting breakthrough 
pressures at or below 2 Bar 107,109.  This physical instability precludes the use of 
SILMs in natural gas operations where separations are typically performed on gas 
streams pressurized to tens of Bar 110 and provides no margin of safety even for post-
combustion capture performed around 1.5 Bar 111.
One avenue to improving the mechanical robustness of a supported ionic 
liquid membrane is to polymerize the ionic liquid.  In 2007, Bara and coworkers 
synthesised the first polymerised-RTILs based on the imidazolium cation with a 
small assortment of cross-linkers and counter-ions.  The polymerised-RTILs proved 
to be more robust against trans-membrane pressure 112 and largely retained their 
selectivities, but were much less permeable, showing a drop from around 1000 
Barrer to around 40 Barrer compared with analogous SILMs 109,113,114.  In fact, Tomé 
et al. measured permeation characteristics on six compositions of the IL [pyr14][NTf2]
supported in poly([pyr11][NTf2]) ranging from the pure polymerised ionic liquid 
(PIL) to the pure ionic liquid supported in porous PVDF 115.  It was similarly found 
that the pure SILM was approximately 100 times as permeable as the pure PIL, while
all compositions had similar CO2/N2 selectivities and a consistent decrease was 
observed in CO2/CH4 selectivity going from the pure PIL to the pure SILM.  The 
authors remarked on the pressure limitations known to exist in supported ionic liquid 
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membranes and performed all permeation experiments at 1 Bar trans-membrane 
pressure without determining whether SILMs with a lower ionic liquid content were 
more or less mechanically robust against trans-membrane pressure than pure SILMs.
Again referring to liquid displacement at low trans-membrane pressures in 
supported ionic liquid membranes, specifically in high temperature applications, 
Liang et al. proposed the use of composite ionic liquid polymer membranes 
(CILPMs) 110, performing permeation experiments at slightly elevated pressures of 2-
6 Bar.  CILPMs differ from SILMs in that the ionic liquid component is cast with the 
polymer, physically immobilizing the ionic liquid, in this case [bmim][NTf2], 
between the chains of a polyimide.  Though configurations including an ionic liquid 
component had higher permeabilities than the pure polyimide, all tested 
configurations showed permeation rates significantly lower than pure SILMs and 
lower, even, than polymerised-RTILs at 35°C.  Owing to the thermal stability of the 
ionic liquid component, permeation tests could be performed at temperatures as high 
as 200°C.  Experiments spanning the 35-200°C temperature range showed two 
things; a significant increase in permeability of around 900% (10 to 95 Barrer) and a 
simultaneous drop in permeability-selectivity from around 40 times to around 3 
times, serving as an embodiment of the permeability/selectivity trade-off manifest in 
Robeson's upper bound and reflecting the findings of prior work on the effect of 
temperature on the upper bound 116.
Early studies showed the viability of supported ionic liquid membranes in 
separating common light gases, but also reflected a susceptibility to having their 
ionic liquid component displaced above a few bar, making them unsuitable for a 
large number of commercial applications which are carried out at significantly 
elevated pressures 110.  Attempts to prevent liquid displacement by confining the ionic
liquid component either as a polymer in the case of poly-RTILs and PILs or in 
between polymer chains in the case of CILPMs have resulted in a general retention 
of selectivity at room temperature, but have made a trade between diffusivity and 
physical robustness as demonstrated clearly by Tomé et al.  There is thus an 
opportunity here for materials which exhibit high solubility-selectivity and 
reasonable diffusivity, while also having a high mechanical robustness compared 
with SILMs.
In the next section, Organic Ionic Plastic Crystals (OIPCs) will be discussed.
To date, their gas permeation properties have not been examined.  However, insights
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from prior investigations suggest that OIPCs have significant potential application
for membrane-based light gas separation.  Firstly, in terms of plasticization in the
presence of high-pressure CO2, research has shown that OIPCs can undergo swelling
and even changes in phase behavior 117.  The effect that this swelling-related volume
increase will have on the CO2 selectivity is not yet known, partly because of a lack of
characterization of  the  gas  permeation  properties  of  OIPCs in general  and partly
because the selectivity should, in principle, be derived largely from chemical nature
as the OIPCs proposed in this study have chemical similarity to ionic liquids that
dissolve CO2 well.   Secondly,  OIPCs should not be susceptible to aging because,
while OIPCs can exist in metastable states, the free volume content is present in the
equilibrium state and will thus not be reduced over time.  This is in contrast to the
behavior of glassy polymer membranes, which contain excess free volume which
diffuses away over time, reducing the volume and porosity available for diffusion.
The defects and unusually high free volume an OIPC can have is much of the
reason behind the study of their applicability as solid state electrolytes in which an
ion like lithium is made to diffuse through the bulk phase.  This ability to conduct
ions through vacancies and defects in plastic materials implies the same might be
feasible for light gases like nitrogen or carbon dioxide.  This is the basis for the
present work wherein it  is proposed that controlling the extent of defects or free
volume  in  a  strategically  selected  organic  ionic  plastic  crystal,  with  chemistry
suggestive of good carbon dioxide solubility based on ionic liquid literature,  will
enable  manipulation  of  gas  permeation  properties  and  lead  to  highly  selective
membranes.
1.5 Organic Ionic Plastic Crystals
A typical ordered crystalline material, such as table salt or diamond, consists
of a lattice with positional regularity in which a unit cell is constrained to a single
orientation by its neighbours.  A material which exhibits plastic crystalline behaviour,
on the other hand, will have a fully ordered crystalline phase at lower temperatures,
but will transition through at least one disordered solid phase before melting.  This
disorder is characterised by increasing amounts of molecular motion which will vary,
based  on  the  material  and  on  the  phase,  from  subtle  rotation  about  an  axis  of
symmetry to translation through the matrix.  When such a disordered phase exhibits
significant mobility within the lattice such that it can easily be deformed under stress,
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it  is  called  ‘plastic’.   In  other  words,  the  material  readily  undergoes  plastic
deformation and flows under force.  The hallmark of these disordered phases is the
presence of orientational disorder in a positionally ordered lattice; the material is still
thermodynamically in the solid crystalline state, albeit disordered (Figure 1.6).  This
makes plastic crystals distinct from liquid crystal phases, which are predominantly
orientationally  ordered  although  they  possess  no  long  range  order  and  are
thermodynamically in the liquid state.  In its maximally disordered pre-melt phase, a
plastically  crystalline  material  is  nevertheless  thermodynamically  very  close  to  a
liquid with a melt entropy typically smaller than 20 J/mol K 118.  Organic ionic plastic
crystals (OIPCs) are a subset of plastic crystal and, like ionic liquids, are composed
entirely of ions.  There is a large overlap between the common ions used in ionic
liquids and the common ions used in OIPCs.  In fact, in cases where the melt occurs
below 100 °C, the OIPCs can also be ionic liquids.  
Figure 1.6 : Conceptual sketch of the relative positionally and orientationally ordered states of crystals
and liquids versus plastic crystals 119.
Transitions between phases are recorded using a  differential  scanning calorimeter
(DSC)  which  measures  the  energy  required  to  impose  a  change  in  temperature.
Figure 1.7 shows a DSC trace for an OIPC which is studied in depth in this thesis,
the diethylmethylisobutylphosphonium hexafluorophosphate [P1224][PF6].  This OIPC
is an archetypal plastic material with three solid-solid transitions before the eventual
melt for a total  of four phases in which some degree of rotation or translation is
observed  120.  The ions of this material are readily differentiated by NMR because
hydrogen is only present in the cation and fluorine is only present in the anion.  Thus,
second  moment  analysis  of  wide  line  NMR  spectra,  matched  with  theoretical
predictions  of  second  moments  through  calculation,  can  provide  unambiguous
information on the dynamics of each ion in the lattice.  In phase IV, the anion is
already  tumbling  isotropically  while  the  cation  is  stationary  with  rotation  of  its
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methyl and ethyl groups.  The IV → III transition supplies the volume expansion
needed  to  enable  cation  rotation.   On  the  III  → II  transition,  the  anion  begins
translating  through  the  lattice  and the  cation  begins  tumbling  isotropically.   The
authors  estimate that  about  10% of  the anion undergoes translation at  this  point,
compared with 1% of the cation.  It is not uncommon in OIPCs that one ion should
translate through a matrix of the other ion in highly disordered phases.  In this case,
the "globular" or roughly spherical nature of the anion, coupled with its relatively
small size, allow it to tumble and self-diffuse preferentially in comparison with the
cation.   This  behavior  allows  some  OIPCs  to  have  ‘higher  than  normal’ melt
entropies  while  still  manifesting plasticity.    On the final  pre-melt  transition,  the
cation also begins to diffuse.  The [P1224][PF6] finally melts with an entropy of only 5
J/mol  K.   This  gradual,  step-wise  disordering  of  the  ‘fully’ crystalline  material
explains why there is such a small residual difference in entropy between the final
pre-melt solid phase, phase I,  and the melt and explains why, when Timmermans
reported on molecular  plastic  crystals,  he observed melt  entropies  lower than  20
J/mol K which has since become the de facto diagnostic limit.  There are, however,
cases in which one or the other ion is much more mobile than the other.  In such
cases, melt entropies higher than 20 J/mol K can be observed even though plastic
crystal phases are present 121.
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Figure 1.7 : DSC for [P1224][PF6] with art depicting states of rotation and translation as determined by
second moment analysis 120.
In the investigation of the tetraethylammonium dicyanamide OIPC, it  was
shown that the phase transition observed via DSC was accompanied by a substantial
increase  in  volume  (Figure  1.8)  122.   Positron  annihilation  lifetime  spectroscopy
(PALS)  was  used  to  show a  correlation  between  the  increase  in  volume and  an
increase in the occurrence of defects which aid diffusion  123–125.   In a pure OIPC,
several  types  of  defects  may  exist  including  point  defects  such  as  a  missing  or
misplaced ion or ion pair, extended defects such as grain boundaries that may occur
between  abutting  grains  or  as  a  result  of  twinning,  and  slippage  along  a  plane.
Depending  on  the  material  and  the  phase,  these  defects  may  be  isolated  (e.g.
vacancies)  or  they  may  combine  into  extended  defects  along,  for  example,
dislocations  or  grain  boundaries  125.   Work  on  the  plastic  phases  of
dimethylpyrrolidinium bis(trifluoromethylsulfonyl)imide in 2006 lead investigators
to the supposition that the observed increase in conductivity across the III → II solid-
solid transition was facilitated by the increase in the size and connectivity of defects.
Specifically, it was suggested, with an invocation of the relationship described by
28
Cohen and Turnbull immortalised in equation 3, that the defects had become large
enough to accommodate the transmission of ion pairs 125.
Figure 1.8: Calculated changes in unit cell volume in pure P122i4PF6 superimposed on experimental 
DSC measurements for the same 126.
Another way of increasing the concentration of defects in an organic ionic
plastic  crystal,  and  thereby  conductivity,  is  to  substitute  one  of  the  ions  with  a
smaller  ion.   It  is  unknown  what  part  of  the  crystal  lattice  is  occupied  by  the
substituted ion, but the defects caused by its substitution can enhance diffusion.  This
was shown in P11NTf2 and P12NTf2 127 in which 1-5 mol% of the cation in each OIPC
was  replace  with  the  much  smaller  lithium  ion,  effectively  introducing  a
commensurate amount of free volume that is now available for diffusion through the
material,  facilitating  diffusion  of  the  lithium.   The  result  was  an  increase  in
conductivity of between 3 and 4 orders of magnitude at some temperatures.  With
application toward solid-state electrolytes, this type of dopant/additive method has
been studied a great deal 123,128–135.
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1.6 OIPC Enhancement
A challenge  with  OIPCs  as  pure  or  doped  materials  is  that  they  can  be
difficult to use free-standing.  Some, like the P122i4PF6 studied in depth in chapter 3,
may be very brittle and others, like the P12FSI studied in chapter 4, may be very
waxy.  In 2013, Howlett et al introduced PVDF nanofibers to the P12BF4 system for
the first  time  136.   The result  was an OIPC/PVDF composite that  was both more
flexible and more mechanically robust.  It was further found that inclusion of the
PVDF nanofibers enhanced conductivity compared with the pure OIPC, showing an
order of magnitude increase in phase I conductivity and an increase of two orders of
magnitude  in  phase  II.   Interestingly,  there  was  no  longer  a  step-increase  in
conductivity across the II to I phase transition, suggesting an increase in disorder in
the composite relative to the pure OIPC.
Subsequent  investigation  of  the  same  system via  variable  temperature  1H
NMR showed that the fraction of the narrow component of the cation signal was
increased  with  the  introduction  of  PVDF  nanofibers  in  both  phases  II  and  I,
indicating  a  larger  fraction  of  the  more  mobile  phase  129.   An  increase  in  the
linewidths of the mobile fraction was indicated for both the cation and the anion via
1H and 19F NMR, suggesting that while the fraction of the mobile phase is increased,
its mobility may be inhibited by interactions with the PVDF.  This is corroborated by
the increase in linewidths upon inclusion of PVDF nanofibers into the LiBF4 doped
P12BF4 system.  It was further shown by PALS  129 that free volume content of the
system was increased and that the average grain size was decreased as a result of
nanofiber inclusion.
Similar work in the P12FSI system shows similar results  131.  Introduction of
PVDF nanofibers resulted in melting point depression and significant reductions in
melt entropy relative to the pure OIPC system as well as a general increase in NMR
linewidths compared to the LiFSI doped P12FSI system, indicating an inhibition of
dynamics  in  the  mobile  phase  similar  to  that  found  in  the  P12BF4 system.   An
additional, interesting finding in the P12FSI system was that 1H NMR results showed
that, while mobility was inhibited in the presence of the PVDF nanofibers compared
with  the  LiFSI  doped  P12FSI  system,  inclusion  of  the  fibers  had  the  effect  of
homogenising the material as shown by a simplification in the NMR peak splitting,
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showing  that  the  cations  were  in  a  more  homogeneous  environment  when  the
nanofibers were present 131.
Others have studied the interfacial relationship between OIPCs and PVDF
including work involving co-electrospinning the OIPC with the nanofibers as well as
work involving co-casting the OIPC with PVDF in a powder form 130,137.  In the latter,
a  series  of  a  doped  OIPC/PVDF  powder  composites  was  made  by  varying  the
proportion  of  the  doped  OIPC  (10  wt% LiFSI  +  90  wt% P12FSI)  in  the  PVDF
powder.  It was found that conductivity increased as the weight percentage of the
doped OIPC increased until a maximum conductivity was reached at 40 wt%.  It was
shown by SEM that compositions consisting of less than 40 wt% of the doped OIPC
contained void spaces, suggesting that the lower conductivity was due, in part, to
discontinuities in the conduction pathways.  At the 40 wt% concentration, the authors
calculate that a 20-30 nm OIPC coating exists and can act as a conduit provided there
are minimal voids; a condition that is almost certainly met after pressing.  When a
higher composition of doped OIPC is used, increasing the average distance to the
nearest  interface,  conductivity  drops  again,  consistent  with  an  attenuation  of  the
interfacial disordering effect in regions farther from interfaces.
Thus, in addition to increasing the flexibility and mechanical robustness of a
composite compared with a pure OIPC, the introduction of PVDF nanofibers also
produces interesting interfacial behavior which has the effect of increasing disorder
in the vicinity of the interface, consequently locally increasing the fraction of the
mobile phase as well as overall conductivity.  Additives of other kinds can also be
added to pure OIPCs to increase the prevalence of defects and ultimately improve
conductivity  123,132,133,138–140.   Recent  work  has  shown that  as  little  as  1  wt% of  a
dendrimer added to an OIPC significantly enhances disorder and dynamics  139.  In
these composites, it appears that the increased disorder, possibly at the interface of
the OIPC and the filler or support, leads to higher diffusivity in the material.
1.7 Summary
The literature discussed thus far covers a number of technologies designed to
isolate  CO2 from  mixed  gases  via  a  variety  of  techniques  including  chemical
absorption by functionalized amines, physical absorption into ionic liquids selected
for their favorable chemistry, and polymer membranes.  These often make use of
supported  ionic liquids  as  well  as  inorganic components  to  enhance  performance
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compared with the unaltered polymer.  Additionally,  organic ionic plastic crystals
(OIPCs), which have high diffusion rates due to the presence of extended defects,
also show potential for selective permeation on the basis of their similarity with ionic
liquids.  The present research thus attempts to combine the selective chemistry of
ionic liquids with the defect-based diffusion characteristics of OIPCs in an attempt to
build a highly permeable solid-state gas separation platform.
Aims
To that  end, chapter  2 will  cover  the methods developed and used in the
experimental chapters 3 and 4.  Chapter 3 will focus on the single-gas permeation
characteristics  of  the  P122i4PF6/PVDF composite  on the basis  of  CO2 and N2 flux
measurements and will  continue to  discuss the results  of both direct and indirect
approaches to detecting the presence of dissolved CO2 in the P122i4PF6 plastic crystal.
Chapter 4 will branch out to include the P12BF4/PVDF and P12FSI/PVDF composites.
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CHAPTER 2
METHODOLOGY DEVELOPMENT
2.1 Introduction
In this chapter, the techniques used in the thesis are documented.  These 
techniques were selected to investigate the characteristics of pure organic ionic 
plastic crystals (OIPCs) and OIPC/PVDF composites at various stages of fabrication 
as well as before and after gas permeation experiments.  Differential scanning 
calorimetry (DSC) was used to look at the effect of nanofibers and gas permeation on
the onset temperature and energetics of phase transitions in the OIPC.  Scanning 
electron microscopy (SEM) enables observation of wetting characteristics between 
the OIPC and nanofibers as well as post-casting, post-pressing, and post-permeation 
morphologies.  This provides information on the degree to which an as-cast 
OIPC/PVDF composite membrane can be pressed to form a uniform solid by 
applying temperature and pressure and the mechanical effects of the pressure 
gradient sustained during gas experiments.  Solid-state NMR was used to quantify 
mobility of the anion and cation of the OIPC in response to the incorporation of 
nanofibers or exposure to CO2 or nitrogen.  Infrared spectroscopy (IR) was used in an
attempt to directly observe dissolved CO2 as well as to investigate changes in the 
positions and intensities of peaks associated with the ions of the OIPC after gas 
exposure.
A “time-lag” gas permeation apparatus was used to measure gas transport 
across OIPC/PVDF composite membranes.  The equipment necessary for this was 
unavailable at the start of this research, and therefore it was designed and assembled 
in-house.
2.2 Sample Preparation
The membranes used in this work consist of an OIPC supported on 
electrospun PVDF nanofibers as this was found to enhance mechanical properties 
(discussed in chapters 1 and 3).  The OIPCs in this list are found in Table 2.1.  The 
specific composition used was 85 wt% OIPC and 15 wt% PVDF nanofibers as this 
ratio was found to result in a membrane without internal defects such as cavities that 
might eventually undermine mechanical integrity or cause results that cannot be 
reproduced.  Examples of phenomena that cause irreproducibility include cavities 
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and surface defects which can have the effects of both reducing path lengths across 
the membrane, artificially increasing flux, as well as making it easier for the 
membrane to fail mechanically.  Both of these are discussed in chapter 3 in the 
context of the P122i4PF6/PVDF composite.
PVDF was used as it is a relatively inert and stable material.  PVDF 
nanofibers were electrospun, as detailed below, and used as a mechanical support.  
As discussed in chapter 1, this results in an improvement of the mechanical 
properties of the OIPC membranes (i.e. increased flexibility) compared with free-
standing OIPC membranes.  The P122i4PF6, for example, is very brittle when pressed 
as a pure OIPC membrane with no support, but is much more physically robust after 
the introduction of nanofibers 2.
Pure P122i4PF6 is a white crystalline material in Phase IV at room temperature 
and can be ground into a fine powder.  The P12BF4 is a translucent, waxy material and
is in Phase II at room temperature.  The P12FSI is also translucent and is very waxy 
and sticky and is in Phase I at room temperature.  Each of these OIPCs dissolves in 
methanol.
The nanofibers were collected as a sheet of nanofibers approximately the size
of an A5 sheet of paper, sandwiched between two sheets of aluminium foil forming a 
three layer sheet.  From this three layer sheet, the required number of nanofiber mats 
were punched using a 12.5 mm hole punch.  Between five and seven membranes 
were prepared at a time.  For solvent casting, the top sheet of foil was removed, 
exposing the nanofibers from the top, but leaving the layer of aluminium foil 
underneath.
These two-layer aluminium foil-nanofiber sheets were organized in a circle 
around the inside of a Petri dish.  The OIPC was dissolved in a 1:5 weight ratio with 
dried methanol (containing 100-1000 ppm of water as determined by Karl Fisher) 
and 3-5 rounds of application were performed from the bulk solution using a digital 
pipette set to a volume of 30 μL.  Before the first application, the weight of the 
OIPC:MeOH solution was weighed.  Each round of application was completed by 
discharging the entire 30 μL volume onto each membrane and the solution was 
capped between rounds to prevent solvent evaporation.  The OIPC:MeOH solution 
wet the nanofibers completely with each application and did not seep off the 
membrane pellet.  After the final solvent application was performed, the remaining 
OIPC:MeOH solution was weighed again.  It was assumed that the difference was 
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uniformly distributed between the membranes in the batch.  A typical membrane 
consisted of around 4 mg of PVDF nanofibers and 16-18 mg of the OIPC, giving a 
total weight of 20-22 mg.  Membranes were ca. 200 μm thick as measured by a 
micrometer and 12.5 mm in diameter.
Once the OIPC:MeOH solvent was applied, time was allowed for the solvent 
to evaporate before the next application.  In the cases of the P122i4PF6 and the P12FSI, 
evaporation of the solvent was accelerated by placing the Petri dish in an oven at 70 
°C.  The P12BF4 does not tolerate elevated temperatures when wet and will hydrolyze,
so the solvent was allowed to evaporate in air at ambient temperature.  The literature3
reports that P122i4PF6 is also prone to hydrolyzing in the presence of water, such a 
problem was never observed during the membrane fabrication process (no colour 
change was observed).
Once the solvent application step of the solvent-casting process was 
complete, the membranes were left to dry in air at ambient temperature for a few 
hours to let the solvent evaporate more completely.  If this step is neglected, the 
membranes can be ruined by explosive off-gassing when put under vacuum to 
complete the drying process.  After a batch of membranes was allowed to dry in air, 
it was placed in a vacuum oven where it was further dried under vacuum for 48 hours
at 40 °C.  The membranes were then placed in a desiccator until needed.
A 12.5 mm die was used for pressing the membranes to homogenise the 
OIPC/PVDF composite.  Prior to pressing a membrane, the die used for pressing is 
heated in an oven to 70 °C.  Pressing at elevated temperature makes the OIPC more 
mechanically plastic and, in the cases of the P122i4PF6 and the P12BF4, induces a solid-
solid transition to the more plastic Phases II or I, respectively.  While the die is 
warming up, a membrane is selected and a razor blade is used to separate the 
remaining aluminium foil sheet from the bottom of the OIPC/PVDF composite.  
Once the die has been heated, the OIPC/PVDF membrane is quickly loaded into the 
die and pressing is commenced at between 1/2 and 1 ton for a period of between 30 
and 60 minutes depending on the material.  In the case of the more crystalline 
P122i4PF6, for example, 1 ton is used for 60 minutes.  In the case of the much more 
mechanically plastic P12FSI, 1/2 ton for 30 minutes is sufficient.
After pressing, the membrane is loaded into the membrane holder and 
mounted in the permeation apparatus.  Prior to commencing with permeation 
experiments, the membrane is held under vacuum overnight.
46
Methyl-diethyl-isobutylphosphonium
hexafluorophosphate
(P122i4PF6)
Ethyl-methyl-pyrrolidinium
tetrafluoroborate
(P12BF4)
Ethyl-methyl-pyrrolidinium
bis(fluorosulfonyl)imide
(P12FSI)
Table 2.1 - Table of structures for the OIPCs described in chapter 2 section 2.2 and studied in chapters 
3 and 4.
2.3 Differential Scanning Calorimetry (DSC)
For DSC measurements, a Netzsch DSC 214 Polyma was used.  Samples of 
typically 15-25 mg were loaded into an aluminum pan and sealed with a crimping 
tool.  The temperature range from -50 to +125 °C was scanned for two runs with 
heating and cooling rates of 5 °C with annealing times of 20 minutes after cooling 
and 10 minutes after heating.  DSC traces were analyzed with the Netzsch Proteus 
software package.
2.4 Scanning Electron Microscopy (SEM)
For SEM images, a JEOL JCM-5000 was used.  Results were analyzed using 
the accompanying software.  For almost all samples, an accelerating voltage of 10 
kV was used.
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2.5 Nuclear Magnetic Resonance (NMR)
Solid state NMR experiments were performed using a Bruker Avance III 
spectrometer with a field strength of 11.7 Tesla, and a Bruker 5 mm static variable 
temperature HX probe. Spectra were obtained from 1H, 13C, 19F, and 31P nuclei using 
single-pulse excitation.  Chemical shifts were referenced to tetramethylsilane (1H and
13C), CFCl3 (19F) and H3PO4 (31P). OIPC powder was packed into 3 cm long, 5 mm 
diameter NMR tubes that were prepared by cutting and filing a 7 inch NMR tube and
spectra were acquired without spinning the sample. In certain cases, longitudinal 
relaxation times (T1s) were measured using a saturation recovery experiment.  
Experiments were performed at room temperature and spectra were processed in the 
Bruker Topspin software package.
2.6 Infrared Spectroscopy (IR)
IR experiments were carried out on a Perkin Elmer interferometer with a Pike
heated stage and a diamond window.  Experiments were done in air as an 
environmental chamber was unavailable.  In cases where a gas was applied to the 
OIPC, the sample was kept under an atmosphere of that gas at that pressure while the
instrument was initialized and background measurements were taken.  Several 
milligrams of the sample were then emptied onto the detector, clamped, and the 
measurement started.  Spectra were recorded over a temperature range from room 
temperature to 95 °C.
2.7 Brunauer–Emmett–Teller (BET)
For BET experiments, an ASAP(R) 2420 (Accelerated Surface Area and 
Porosimetry System) was used.  CO2 and N2 gases were used and measurements were
taken at 35 and 55 °C with a P0 of 950 mmHg with an equilibration interval of 15 s.
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2.8 Gas Permeation Testing
2.8.1 Design of the Permeation Apparatus
Two types of apparatus are commonly used to characterise gas permeation 
through membranes.  The more complex allows for the permeation of mixed gases.  
In such a system, a mixed gas is introduced on the feed side of the membrane and the
composition of the gas desorbing on the permeate side can be determined by an 
instrument such as a gas chromatograph.  Systems like this have the advantage of 
enabling testing under more realistic conditions (e.g. actual mixed gases), but have 
the disadvantage of being expensive because of the requirement for equipment that 
can determine the composition of the permeate gas stream.  The simpler apparatus, 
used in this thesis, works based on the "time-lag" method 1.  A basic diagram is 
shown in Figure 2.1 and is described in more detail below.  The apparatus used 
consists of two gas containers separated by the membrane holder.  A pressure 
difference is established across the containers by pressurising one container and 
(typically) evacuating the other.  The pressure change in these containers is 
monitored over time as gas flows from one container to the other via the membrane 
and permeation characteristics of the membrane material can be determined from the 
pressure change over time.  Systems like this have the advantage of being relatively 
cheap to build, but have the disadvantage of only allowing single-gas permeation as 
the composition of the permeate gas (if mixed gases were used) cannot be 
determined.  A result of only being able to do single-gas permeation experiments is 
that assumptions of ideal behaviour have to be made to calculate relationships such 
as permeability-selectivity.  Assumptions of ideal behaviour, as stated in section 
1.3.3.4, includes the assumption that the gases do not significantly interact with one 
another.  In other words, it is the assumption that each of the gases in a mixed gas 
system behave in the same way as they would in a single gas system.  This is most 
likely to be true at low partial pressures as the gas concentration in the composite 
would be proportionally low.  The second assumption of ideal behaviour is that the 
gases permeating through membrane do not significantly change its permeation 
characteristics.
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Figure 2.1: Schematic of the apparatus designed for investigating the single gas permeation 
characteristics of OIPC/PVDF membranes.  The grey box represents a heated cabinet, inside of which 
are situated a large feed tank VF and a small permeate tank VP.  The feed and permeate tanks are 
separated by the membrane (shown in yellow) and are isolated via actuation of a set of valves (V1-V4).
The pressure in each volume is monitored using dedicated pressure transducers, P1 and P2.  The 
temperature inside the cabinet is monitored by a thermocouple, T1.
The main requirement, when designing the time-lag apparatus, was to be able
to do single-gas experiments under variable temperature and pressure conditions.  
The first implication of doing variable temperature experiments is that all the 
components should be at the same temperature.  Therefore, they were housed in a 
Binder BF 115 Model incubator with temperature control from room temperature +5 
°C to 100 °C with 0.2 °C accuracy.  Pressure transducers that had high precision and 
would work over a large temperature range were also required: two Keller Series 
35X HT absolute-range transducers with 4-20 mA outputs and a compensated 
temperature range of 20-120 °C were used.  The precision of each transducer was 16-
bit over the full-scale pressure range, so there is a trade-off between the full-scale 
range of a transducer and its resolution.  In order to get the desired resolution, a 0-1 
Bar transducer was used for the permeate tank, and to get the desired feed pressure 
flexibility, a 0-10 Bar transducer was used for the feed tank.  These are labelled P2 
and P1 in Figure 2.1.  Cables for these transducers and for a type-k thermocouple 
were run through a small hole the wall of the incubator.  A 24-bit DAQ (MCC USB-
2404-UI model data acquisition unit) was used to record these outputs from the 
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transducers and the thermocouple.  The transducers were powered by a Manson NP-
9613 DC regulated power supply.
The rupture pressure for the diaphragm on each transducer was rated at 2x 
full-scale (i.e. 2 and 20 Bar for the 1 and 10 Bar transducers, respectively).  In order 
to prevent accidental over-pressure, a safety blow-off valve was fitted near each 
transducer and each blow-off valve was set to its transducer's rated pressure.  Flux is 
proportional to the pressure difference between the high- and low-pressure tanks; to 
keep this driving pressure as consistent as possible over the duration of an 
experiment, the feed tank must be significantly larger than the permeate tank.  For 
this apparatus, a 2.25 L stainless steel tank from Swagelok was used, and a 20 mL 
tank was fabricated.  These were used as the feed and permeate tanks, respectively.  
The membrane holder was placed between the feed and permeate tanks.  As shown in
Figure 2.2, the membrane holder was designed to connect with 1/4" inner diameter 
stainless steel pipe and to accommodate a circular membrane with a thickness of at 
least 20 μm, a diameter of 12.5 mm, and an effective diameter of 8.0 mm.  The 
holder was constructed of a stainless steel cup inside of which sits a pair of stainless 
steel discs with sintered steel centres to allow gas flow while immobilising the 
membrane.  The membrane was sandwiched between the discs and the discs seal 
against the bottom and top of the cup with viton o-rings.  Around the lid of the 
holder, another o-ring that seals against the side of the cup was added, preventing 
influx of atmosphere from the environment.  For evacuating the circuit and degassing
the membrane, a vacuum pump which can achieve a pressure as low as 4x10-2 mBar 
was used.  An Edwards Pirani 501 analogue vacuum gauge with an Edwards PRE10k
pressure transducer (Model number D02428000) was used to monitor pressure levels
in the system during evacuation.
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Figure 2.2: Open-face view of the membrane holder.  The membrane is situated in the recessed area 
on the “membrane side” and the counter-face is situated to sandwich the membrane between the two 
discs.  These are then placed in the cup and the lid is applied before being secured by three bolts.
2.8.2 Calibration of the Permeation Apparatus
Calibration was performed by first precisely determining the volumes of the 
various parts of the gas circuit.  This was achieved by segmenting the circuit by using
natural barriers (e.g. valves, the membrane holder) as shown in Figure 2.3.  The area 
shaded in red extends from valve 1 to valve 2 and includes the feed tank and tens of 
centimeters of 1/4" inner diameter stainless steel pipe.  By taking repeated 
measurements of the mass of water required to fill the 2.25 L container and referring 
to the density of water at ambient temperature, the volume of the cylinder was 
determined to be 2212 +/- 1 cm3.  By estimating the total length of pipe in the 
segment and subtracting the volumes of intersections, the total volume of the pipe 
was estimated to be 22 +/- 4 cm3 for a total volume of 2234 +/- 5 cm3 for the 
segment.
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Figure 2.3: Segmentation sequence used to determine the volumes of each of the chambers of the gas 
circuit.
The feed tank was very large compared with the rest of the gas circuit and its 
volume was precisely measured.  This enabled straightforward determination of the 
other volumes in the gas circuit using the pressure/volume relationship from the ideal
gas equation.  In reference to Figure 2.3, the red volume was pressurised and the 
green and blue volumes were treated as a single volume and were evacuated.  The 
pressure drop in the red volume upon opening valve 2 indicated the combined 
volumes of the green and blue sections.  The membrane holder was then blocked and 
the process was repeated to find the volume of the green section, with the volume of 
the blue section being the difference between the combined blue and green volumes 
and the green volume.  During an experiment, the feed tank is comprised of both the 
red and green volumes.  This has the effect of allowing the user to see precisely when
an experiment has begun as the pressure in the red tank drops very slightly as valve 2
is opened and the green volume is pressurised.  The total volume of the feed tank, 
comprised of the red and green sections of Figure 2.3 while the experiment is 
underway, was determined to be 2245 +/- 4.5 cm3 and the volume of the permeate 
tank, represented by the blue section, was determined to be 35.33 +/- 0.1 cm3.
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The diameter of the recessed area that seats the membrane in the membrane 
holder was 12.5 mm, measured using callipers, and the diameter of the sintered steel 
support in the middle was 8.0 mm, giving an effective area of 0.502 cm2.
In order to measure the speed of the temperature response of the components 
inside the incubator, the speed of the temperature change was monitored during a 
change from  55 °C to 75 °C.  The results, given in Figure 2.4, are shown as 
percentage increases in both the thermocouple reading and the pressure transducer 
reading.  The percentage increases in temperature and pressure of 6% correspond 
with the absolute temperature difference of 6.1%.  The graph shows that the 
temperature of the gas in the feed tank, as determined via the ideal gas equation, can 
take up to three hours to equilibrate after a temperature change of 20 degrees in the 
ambient temperature inside the oven, as measured by the thermocouple.  To 
accommodate the time it takes for temperature inside the tanks to equilibrate, applied
temperature changes were generally performed overnight.
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Figure 2.4: Comparison of the pressure transducer and thermocouple measurements, shown as the 
percentage signal change upon an increase in the incubator set temperature from 55 °C to 75 °C.  This 
also provides information about how long it takes for thermal equilibrium to occur.  As a point of 
reference, the incubator components (not shown in the graph) reach the designated temperature within
an hour according to the digital display on the incubator control panel, but the thermocouple and 
pressure transducers indicate that several hours may be required.
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2.9 Analysis of Permeation Test Results
In this section, methods developed for analyzing experimental data are 
summarized.  These include a method for calculating flux rates from a number of 
measurements taken at different pressures (section 2.9.1), a method for analyzing 
permeation results for gases with very low flux rates (section 2.9.2), and a method 
that compensates for gas exchanged with another part of the membrane holder 
(section 2.9.3).
2.9.1 The Flux (J) vs Transmembrane Pressure (TMP) Representation
Figure 2.5 shows a typical set of permeation curves, as-measured on the data 
acquisition unit, for CO2 and nitrogen, measured in P122i4PF6/PVDF at 35°C.  Figure 
2.6 shows the steady-state portions of the data in Figure 2.5.  The slopes of these 
steady-state curves represent flux and can be expressed in terms of moles of gas per 
second.  As such, the ratio of the slopes of the two gases can be used to directly 
calculate the permeability-selectivity for the gas pair.  In this case, JCO2/JN2 = 
(254/63.5) nBar/s for a permeability-selectivity of 4.
Figure 2.5: Permeation data from a typical permeate pressure measurement.  In this case, CO2 (blue) 
and N2 (red) are permeated through a P122i4PF6/PVDF membrane.
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Figure 2.6: Reproduction of the steady-state portions of the CO2 (blue) and N2 (red) permeation data 
from Figure 2.5 for the purpose of demonstrating flux as the slope of the steady state curve.
To enable more precise determination of flux rates, permeation measurements
in this thesis are measured under a number of different transmembrane pressures.  
The data in Figure 2.7 were measured in the course of assessing the mechanical 
robustness of an OIPC/PVDF membrane against elevated transmembrane pressure.  
This was achieved by doing a series of experiments at increasing pressures, increased
at 1 Bar increments.  The flux values at each pressure were determined as in Figure 
2.6 and were plotted against their respective transmembrane pressures in Figure 2.8.  
A useful feature of the J vs transmembrane pressure representation is that it allows 
for the detection of leaks.  The y-intercept represents flux at zero transmembrane 
pressure and should always equal zero.  Thus, Figure 2.8 demonstrates the physical 
robustness of the membrane through the linear flux response with feed pressure 
while at the same time allowing quantification of the leak rate in the form of the 
distance of the y-intercept from zero.  The former will be useful in determining the 
flux per bar of transmembrane pressure by taking the slope of a linear fit.
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Figure 2.7: Sample data showing the intermediate step in the process of generating the J vs 
transmembrane pressure graph shown in Figure 2.8.
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Figure 2.8: Flux vs transmembrane pressure.  Each of the points on this graph represents a CO2 flux 
measurement on a P122i4PF6/PVDF composite plotted against its transmembrane pressure.
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The same technique was used to calculate nitrogen permeation rates based on 
permeation measurements taken at transmembrane pressures of 1, 3, and 5 Bar 
(Figures 2.9 and 2.10).  The nitrogen results in Figure 2.10 show considerably more 
scatter than the CO2 results in Figure 2.8.  As a result, the uncertainty in a 
permeability-selectivity calculation will originate primarily from the uncertainty in 
the measurement of nitrogen permeation.  Nevertheless, the derivation of nitrogen 
permeation rates based on permeation measurements at multiple transmembrane 
pressures is preferable to derivation based on a single transmembrane pressure 
because it allows for the flux at zero bar of transmembrane pressure to be quantified 
(Figure 2.10) - which is, in fact, the leak rate.  Taking the ratios of flux measurements
estimated by this technique yields a permeability-selectivity of 30.
Figure 2.9: Steady-state portions of a nitrogen permeation data at three pressures at 35 °C for 
P122i4PF6/PVDF.  This is an intermediate step in the data analysis - the slopes from these curves are 
plotted in Figure 2.10.
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Figure 2.10: J vs transmembrane pressure plot of the slopes of the nitrogen data in Figure 2.9.  This 
plot shows that nitrogen flux at 35 °C across P122i4PF6/PVDF is much lower that it appears in a single-
pressure experiment as the low flux rate is masked by a high leak rate.
In summary, the J vs transmembrane pressure graph allows, through standard 
additions of pressure, for the flux rate and the leak rate to be separated into the slope 
and y-intercept, respectively, of a linear function.  In the case of CO2, the flux rate 
was found to be consistently larger than the leak rate on this equipment, resulting in 
good statistical correlation between the flux rate and the transmembrane pressure.  
However, the leak rate for nitrogen was often much larger than the flux rate, 
significantly increasing the uncertainty margin.
2.9.2 Using Power Functions to Interpret Flux Data
This section outlines a method for recovering useful information from such 
data.  Figure 2.11 shows several examples of nitrogen flux data that are unreliable, 
because of scatter and/or negative slopes.  In each case, CO2 data obtained under the 
same conditions show that the membrane is stable at each tested temperature and 
pressure.  Thus, the scatter in nitrogen flux values most likely indicates noise in the 
measurement, which is consistent with the high leak to flux ratios discussed above.  
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The following is a method for performing analysis on data with a large amount of 
background noise.
0.5 1 1.5 2 2.5 3 3.5 4
0
50
100
150
200
250
35C FSI N2
Linear (35C FSI N2)
55C FSI N2
Linear (55C FSI N2)
95C FSI N2
Linear (95C FSI N2)
Trans-membrane Pressure (Bar)
Fl
ux
 (n
B
ar
/s
)
Figure 2.11: J vs TMP plot showing nitrogen data collected on the P12FSI/PVDF system which cannot 
currently be meaningfully interpreted either because of scatter or a nonsensical slope or both.  This 
section discusses a method for recovering useful information from data like these.
The slopes in Figure 2.12 show the same data expressed again in terms of 
flux in units of nBar/(Bar s).  Specifically, this is flux per bar of transmembrane 
pressure.  When expressed in this way, the data can be readily fit by a power 
function.  In order to determine whether the actual flux value could be determined on
the basis of power function fitting parameters, an investigation was undertaken using 
the P122i4PF6/PVDF dataset.  This dataset consists of reproducible CO2 and nitrogen 
measurements over a range of pressures and temperatures.
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Figure 2.12: The nitrogen data displayed in Figure 2.11, plotted as nBar/(Bar s) vs transmembrane 
pressure and fitted with a power function.
Flux values for CO2 and nitrogen on the P1224PF6/PVDF have been determined
using linear fitting on a J vs transmembrane pressure plot (Figure 2.12).  These 
values are given in Tables 2.2 and 2.3, labelled Exp Flux.  Working back from the 
pre-exponential factor and exponent of the power fit, and using the linearly 
determined flux value, the extrapolation point was determined for each point in the 
nitrogen and CO2 datasets.  A preliminary plot of the calculated extrapolation points 
shows that the CO2 data are concentrated around 6-7 Bar and nitrogen data are spread
over a range from 10-16 Bar.  In order to develop an prescriptive expression that 
would work agnostic of the gas involved, further investigation was undertaken into 
potential relationships between the power function's fitting parameters and the 
experimentally determined extrapolation point in the P122i4PF6 dataset.
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Nitrogen Values
Temperature (C) Exp Flux (nBar/s) Pre-Exponential Factor Exponent Extrapolation Point
35 6.85 62.23 -0.7890 16.390
45 10.92 76.96 -0.7438 13.809
55 14.11 112.70 -0.7624 15.263
60 23.31 120.35 -0.6604 12.009
65 18.61 157.34 -0.7642 16.336
75 33.68 202.27 -0.6849 13.701
85 51.84 220.70 -0.6078 10.842
95 72.43 275.75 -0.5694 10.463
Table 2.2: Nitrogen flux values in the P122i4PF6/PVDF system.  Here, reliable data were obtained by 
linearly fitting experimental flux values.
Temperature (C) Exp Flux (nBar/s) Pre-Exponential Factor Exponent Extrapolation Point
35 205.00 240.20 -0.0808 7.108
35 205.40 241.20 -0.0842 6.741
45 244.80 274.10 -0.0573 7.192
55 295.70 363.97 -0.1018 7.695
65 405.00 449.72 -0.0553 6.646
75 621.00 722.97 -0.0812 6.504
CO2 Values
Table 2.3: CO2 flux values in the P122i4PF6/PVDF system.  Here, reliable data were obtained by linearly
fitting experimental flux values.
To allow determination of flux values for both CO2 and nitrogen for the 
P122i4PF6/PVDF system directly from power function fitting parameters, equations 2.1
and 2.2 were developed using the data in Figure 2.13.  Equation 2.1 defines the 
extrapolation point, γ, in terms of the exponential factor, α, and the pre-exponential 
factor,  β.  Having calculated γ, the flux can be calculated directly using equation 2.2.
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Figure 2.13: A relationship was discovered in the P122i4PF6/PVDF flux data that is capable of fitting 
both CO2 and N2 flux data.  CO2 data are clumped near the y-axis while the N2 data are more spread 
out, occurring between 0.1 and 0.2 on the x-axis.
Eq 2.1
γ=e
−5 α
ln β +1.87
Eq 2.2
Calculated Flux=βγα
To test the general applicability of equation 2.1, three datasets were used.  
The first dataset, the P122i4PF6 dataset, consisted of a set of known flux values across a
representative set of gases and was the dataset used to develop the relationship 
embodied in equation 2.1.  The second dataset is completely independent of the first 
dataset and consisted of a set of known flux values from different OIPC systems, 
specifically, the P12BF4 and P12FSI systems, and was used to verify the generality of 
the relationship before applying it to the third dataset.  The third dataset consisted 
almost exclusively of nitrogen data from the P12BF4 and P12FSI systems, which show 
high leak to flux ratios.  The first dataset is referred to as the training set and the 
second dataset is referred to as the validation set.
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Figure 2.14 shows flux values calculated from both the training and 
validation sets using equations 2.1 and 2.2 plotted against experimental values.  The 
relationship in equation 2.1 performs very well in calculating flux values in the 
training set as well as in the validation set for values spanning two orders of 
magnitude, despite the validation set having been constructed from flux data 
collected in different plastic crystal systems.
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Figure 2.14: Plot of calculated flux against known experimental values for the training and validation 
sets, showing good agreement.
At this point, a relationship has been established for the flux of CO2 and N2 
through the P122i4PF6/PVDF composite.  This relationship, described in equations 2.1 
and 2.2 is general enough to fit CO2 and N2 flux data measured in the P12BF4/PVDF 
and P12FSI/PVDF composites.  Next, an expression for estimating uncertainties is 
presented.
Figure 2.15 shows the absolute value of the percentage difference between 
the CO2 flux value predicted by equations 2.1 and 2.2 versus the experimental CO2 
flux measurements based on linear fits.  An expression (equation 2.3) for estimating 
uncertainties for flux values calculated from equations 2.1 and 2.2 was determined in
Figure 2.16.  The yellow line in Figure 2.16, representing the empirical uncertainty in
equation 2.3, is defined in such a way that all permeation values calculated using 
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equations 2.1 and 2.2 fall on or within the uncertainty range defined by equation 2.3. 
x is the flux value from equation 2.2.
Eq 2.3
Uncertainty %=48.4 x−0.431
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Figure 2.15: The absolute value of the percentage difference between the CO2 flux value predicted by 
equations 2.1 and 2.2 versus the experimental CO2 flux measurements based on linear fits.
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Figure 2.16: To assign uncertainties to the flux values generated by equations 2.1 and 2.2, an 
expression (Eq 2.3) is conservatively developed such that all known error values fall on or within the 
boundaries of the uncertainty estimation.  x is the experimentally determined flux.
Now that permeabilities and uncertainties can be calculated using the power 
function via equations 2.1, 2.2, and 2.3, the power function fitting method can be 
compared with the linear fitting method by using both methods to interpret CO2 data.
Figures 2.17 and 2.18 show values of CO2 and nitrogen permeation from the 
P12FSI dataset, calculated from equations 2.1 and 2.3, and including uncertainty 
estimates calculated from equation 2.3 plotted alongside values of the same dataset 
as determined by a simple J vs TMP plot such as that in Figure 2.10.  There is some 
unreconciled temperature dependent drift evident in the calculated CO2 data, 
resulting in a slight underestimation of permeation values (red vs blue points in 
Figure 2.17), but all of the J vs TMP data points fall within the uncertainty bars of 
their calculated counterparts.
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Figure 2.17: CO2 permeation measurements from the P12FSI system calculated, with uncertainties, by 
the power function relationship described in this section plotted against flux values as determined 
using the J vs TMP plot.
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Figure 2.18: Nitrogen permeation measurements from the P12FSI system calculated, with 
uncertainties, by the power function relationship described in this section plotted against flux values 
as determined using the J vs TMP plot.
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The nitrogen data from the P12FSI dataset, as determined by the J vs TMP 
plot, are essentially meaningless, presenting spread between consecutive experiments
as well as negative permeabilities.  The 95 °C experiment is the only one in which 
both flux values are positive, despite a 30% spread between the two.  In contrast, the 
power function was able to reconcile all but the 75 °C measurements, placing the 35, 
55, and 95 °C measurements are within their respective error margins.  This 
demonstrates that this method has utility in recovering information from datasets in 
which the J vs TMP plot has a high leak to flux ratio.
In conclusion, a set of equations useful for calculating flux values was 
developed using empirical data and then verified by predicting flux values on a 
second empirical dataset.  The errors between the calculated and empirical values for 
both the training and validation sets were quantified and developed into an equation 
such that all known predictions for both datasets are now within uncertainties as 
calculated by equation 2.3.
2.9.3 Permeation Apparatus (2- and 3-tank Models)
Having developed data analysis methods in the forms of the J vs TMP plot 
and the power functions discussed in the previous sections of this chapter, the 
characteristics of CO2 and N2 permeation in the built equipment can be reviewed.  
Figure 2.19 shows the first permeation test on the apparatus.  The membrane was 
composed of P13BF4 solvent-cast into electrospun PVDF nanofibers.  The gas used 
was CO2 and the permeation was performed under continuously increasing 
temperature (from 35 to 80 °C).  Permeation tests in the literature and elsewhere in 
this thesis are performed under static temperature and feed pressure conditions, but 
this served as a qualitative demonstration of phase-dependent permeation and was 
the first measurement performed on this equipment.
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Figure 2.19: First record of phase-dependent permeability in an OIPC.  The material in use was P13BF4
which has a melting point of 45 °C.  The temperature, in Celsius, and the permeate pressure, in 
milliBar, share an axis for convenience as they occupy a similar numerical domain.
During CO2 permeation experiments, the slope of the flux curve is expected 
to change for two reasons; the slope increases as the permeation across the 
membrane reached a steady state, and the curve decreases as the driving pressure 
across the membrane decreases.  Figure 2.20 demonstrates the plot expected for a 
normal experiment.  It consists of three components: a feed pressure, a permeate 
pressure, and the driving force, which is the difference between the two.  A fourth 
parameter was calculated, describing the rate of exchange between the feed and 
permeate tanks.  Over time, gas is exchanged between the two tanks at a flux rate 
proportional to the driving pressure across the membrane.  CO2 flux data reflect this 
trend.  The curve showing the increase in the permeate tank pressure remained nearly
linear as long as the driving force remains large and because the experiment typically
ended before the driving force between the two tanks was sufficiently diminished to 
affect the flux.
69
0 5000 10000 15000 20000 25000
0
200
400
600
800
1000
1200
Feed Pressure
Driving Pressure
Permeate Pressure
Time Steps
P
re
ss
ur
e 
(m
B
ar
)
Figure 2.20: Simulated pressure equilibration between the feed and permeate tanks.  The purpose is to 
show when inflection should occur on the basis of changes in driving pressure.  The steady-state 
portion of the permeate pressure curve, usually <5% of the original trans-membrane pressure 
difference, is essentially straight under normal conditions.
2.9.3.1 Modification of the Membrane Holder
The original membrane holder design was insufficient for nitrogen 
measurements because of leakage from the atmosphere through the gap where the 
membrane holder fits together.  An o-ring was installed to fill the gap, resulting in the
incidental creation of a small chamber surrounding the membrane.  Comparing 
permeation curves from a series of pressure experiments performed on a 
P122i4PF6/PVDF membrane, it is apparent that while CO2 permeation curves appear to 
follow a simple driving pressure relationship as one would expect (Figure 2.21), the 
nitrogen curves are more complicated (Figure 2.22).  A notable example is shown in 
Figure 2.23, where permeation was allowed to continue for an extended period 
(approx. 80 hours) during a permeation experiment under nitrogen with a 1 Bar 
initial trans-membrane pressure.  The permeate pressure curve has an unexpected 
inflection point after approximately 24 hours after which the curve takes on a 
significantly lower gradient.  This lower gradient continues roughly linearly for the 
remainder of the experiment.  The data from the linear portion of Figure 2.23 are 
plotted again in Figure 2.24 and subtracted from the main curve, resulting in Figure 
2.25 which itself is consistent with the two-tank model shown in Figure 2.20.
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Figure 2.21: CO2 flux profiles across experiments with 1-5 bar transmembrane pressures in 
P122i4PF6/PVDF quickly reach a steady-state of permeation.  This is consistent with expectation.  As in 
this plot, flux ideally resembles the permeate pressure profile from Figure 2.20 and is independent of 
the gas being investigated, though, depending on the gas, the rate of transport across the membrane 
will be different.
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Figure 2.22: Nitrogen flux profiles across experiments with 1-5 bar transmembrane pressures in 
P122i4PF6/PVDF do not similarly reach a stable state of flux.  There is an initial increase in flux 
followed by a decrease in flux that is attributed to leakage (Figure 2.20).
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Figure 2.23: Nitrogen permeation measured across a P122i4PF6/PVDF composite.  The salient feature is 
the inflection point around 50,000 seconds and the following decrease in slope.
0 50000 100000 150000 200000 250000 300000 350000
-2
0
2
4
6
8
10
12
14
16
Time (s)
P
er
m
ea
te
 P
re
ss
ur
e 
(m
B
ar
)
Figure 2.24: The blue line was obtained by measuring the slope of the empirical curve from 200,000 
to 300,000 seconds.  The resulting slope was then extrapolated from the origin.
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Figure 2.25: The corrected curve subtracted from the empirical curve.  The Aux Model curve is a 
model fit for the Aux curve and is obscured by the Aux curve.
The fitting of the subtracted portion of the nitrogen permeation curve in 
Figure 2.25 suggested that a third volume somewhere was being pressurized 
somehow and was then contributing to the permeation curve.  This difference can be 
fit so well by the two-tank pressure-driven permeation model that the fit is 
completely obscured by the experimental measurement (Figure 2.20).  The result was
what was termed the “auxiliary” curve which is now attributed to the presence of an 
unplanned volume resulting from a design flaw in the membrane holder.  The volume
is estimated to be approximately 0.5mL.  The effect of this volume was particularly 
apparent in the results of nitrogen permeation experiments.  It was concluded that the
newly installed o-ring largely prevented exchange with the environment, but it also 
helped to define a space in which gas could be stored between experiments whether 
introduced from the atmosphere or during high-pressure experiments.
Having determined that a third volume was present, the two-volume model 
was modified to include a much smaller third volume.  This was first developed in a 
spreadsheet and was then developed into a program that would automatically fit the 
empirical curve by varying 5 parameters; the flow rate between the main tank and the
permeate tank, the initial pressure of the gas in the smaller auxiliary volume, the flow
rate between the auxiliary volume and the permeate tank, the initial saturation of the 
membrane, and the solubility of the permeant gas in the membrane.  An additional 
73
parameter describing flow between the feed tank and the auxiliary volume was 
originally included, but was later removed as it allowed multiple solutions.  
Specifically, inclusion of that parameter allowed the curve to be fitted either by 
permeation through the membrane via the feed tank to permeate tank parameter or by
flowing around the membrane via the auxiliary volume.  The latter was determined to
be nonsensical because the cross-sectional area of the membrane is large compared to
the perimeter and because circumvention of the membrane would result in non-
selective flux, but the flux observed in the lab is highly selective.  More information 
on the 2- and 3-tank models can be found in the appendix (chapter 6).
In this chapter, the synthetic procedures and instrumentation required to carry
out the work reported in this thesis are laid out.  The details of the purpose-built 
permeation equipment used herein are also listed.  Finally, the procedures used to 
analyze the permeation data obtained for the OIPC/PVDF composites described in 
this chapter (section 2.2) and studied in chapters 3 and 4 are described in detail with 
notes in the appendix (chapter 6).
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CHAPTER 3
SELECTIVE PERMEATION IN P122i4PF6/PVDF
3.1 Introduction
In this chapter, the gas permeation properties of the P122i4PF6/PVDF 
composite were evaluated.  The permeabilities of CO2 and nitrogen were measured 
and ideal permeability selectivities were calculated.  Preliminary results from this 
chapter have already been published 1.  The physical properties of the membrane 
under elevated temperature and pressure are also reported.
3.2 Sample Preparation
In order to test the gas permeation properties of the OIPC, an unsupported 
membrane was prepared by pressing 34 mg of P122i4PF6 powder in a heated die.  The 
powder was first pulverized using a mortar and pestle.  To make the OIPC easier to 
pulverize, the mortar and pestle were cooled with liquid nitrogen.  The pulverized 
P122i4PF6 powder was poured into the die such that it was evenly distributed.  It was 
then pressed under 1 ton for 1/2 hour.  The pressing was successful, but the resulting 
OIPC pellet was so brittle that the act of separating it from the Teflon discs caused it 
to crack into two pieces (Figure 3.1).
Membranes made of a pure OIPC often have limited flexibility.  Recently, 
Howlett et al. 2 published work relating to the improved physical properties of an 
OIPC/nanofiber composite compared to those of a pure OIPC.  In their work, and as 
discussed in chapter 1, PVDF nanofibers were used to reinforce the OIPC with the 
specific results of reducing brittleness and increasing flexibility of the pellet.  PVDF 
nanofibers were also selected for this project because of their considerable chemical 
stability and the ease of electrospinning it into nanofibers.  The electrospinning 
process is described in detail by Zhou et al. 3.  In summary, PVDF pellets are 
dissolved in a solution of 1:1 DMF and acetone.  This solution is pumped out of a 
syringe using a syringe pump and is accelerated onto a collector 20 cm away using 
an accelerating voltage of 20 kV.
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Figure 3.1: SEM image of a brittle, unsupported P122i4PF6 pellet.  A large section broke off while the 
sample was being removed from the press.
Figure 3.2: SEM of electrospun PVDF nanofibers with no deposited OIPC.  An accelerating voltage of
15kV was used.
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Two main options for incorporating an OIPC into a nanofiber mat are solvent 
and melt casting.  The melt temperatures of many OIPCs  exceed the melting 
temperature of PVDF nanofibers.  The P12BF4, for example, melts at 285 °C while 
PVDF melts at 150 °C.  This prohibits the use of melt casting for many OIPCs of 
interest, so for the purpose of consistency, solvent-casting was used to incorporate 
OIPCs into nanofiber mats.
Using the solvent casting method described in the methods chapter, a 
P122i4PF6/PVDF composite was fabricated with an initial composition of 65 wt% 
OIPC in PVDF.  This was much less brittle and much easier to handle than a pellet 
made of pure P122i4PF6.  This particular composition, however, yielded inconsistent 
results and frequent blow-through indicated by sudden, sharp increases in flux.  
Cross-sectional SEM images taken after unmounting some of these composites 
revealed the presence of tiny void spaces (Figure 3.3).  It is hypothesized that these 
voids were linking across the membrane over time and undermining its integrity.  It 
was concluded that the wt% of the OIPC in use was insufficient to fill the spaces 
between the nanofibers.  Previous permeation tests with the P13BF4 OIPC showed 
that compositions of 78 wt% and higher could provide stable performance, therefore 
a composition of 80+ wt% became the target composition.  This produced good 
stability and reproducibility as seen in Figure 3.4 where two consecutive tests have 
been plotted on the x- and y-axes to highlight the repeatability between the two.  The 
experiments shown in Figure 3.4 were measured using CO2 across the 1-5 bar 
pressure range at 35 °C in the P122i4PF6/PVDF composite.
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Figure 3.3: SEM showing regions inside a 65 wt% P122i4PF6/PVDF composite.  These regions, shaded 
in green, appear to be only partially filled with OIPC.
Figure 3.4: Demonstration of reproducibility in the 85 wt% P122i4PF6/PVDF composite.  Two 
consecutive permeation runs are plotted against each other, one on the x-axis and the other on the y-
axis.
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Figure 3.5: SEM images showing (A) a post-pressing P122i4PF6/PVDF composite membrane that 
sustained damage as a result of the use of a razor blade to separate the composite from two Teflon 
discs after pressing in preparation for mounting in the membrane holder and (B) a second 
P122i4PF6/PVDF composite membrane that was separated without damage.  The accelerating voltages 
on both images was 10kV.
As discussed in the methods chapter, the membrane is sandwiched between 
two Teflon discs  during pressing.  In order to separate the discs and remove the 
composite membrane for mounting in the membrane holder, a razor blade is used.  
The OIPC/PVDF composite is recovered by separating the thin (~70 μm) composites
from between two Teflon discs and, while the composite is less brittle due to the 
inclusion of the nanofibers, it is still fragile and difficult to reliably remove without 
damage.  Figure 3.5 shows an example of the scoring and scratching that can occur 
accidentally.  In order to improve ease of handling, thereby reducing the likelihood of
damage such as that seen in Figure 3.5, thicker membranes (~200 μm) were 
fabricated, requiring less precise movements to handle and prepare the membrane.  
As a practical consideration, this work needed to demonstrate the behavior of these 
composite materials whilst avoiding defects that may lead to spurious, inconsistent 
results that are not intrinsically related to material performance.
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Figure 3.6: OIPC/PVDF composite before (left) and after (right) pressing.  The sample used was 
P12NTf2, but it demonstrates a common tendency for OIPC/PVDF composite membranes to become 
highly transparent upon pressing.
Figure 3.6 shows an OIPC/PVDF composite before and after pressing.  The 
before image (left) shows the composite after solvent-casting and drying.  It appears 
opaque because of the scattering caused by the innumerable point of nucleation and 
subsequent crystal growth with completely random orientations.  The after image 
(right) shows that the process of pressing a composite has succeeded in forming the 
material into a contiguous and optically homogeneous material which is now ready 
for mounting.
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Figure 3.7: SEM showing the damage that can be sustained while unmounting a membrane.  Upon 
unmounting, the membrane has torn along the green shaded region.  The surface across which gas was
permeating can be removed from the cell, but the steel-contacting surface responsible for forming a 
gas-tight seal has adhered and is difficult to remove, resulting in this tear.
A commonly recommended membrane holder for use in home-built 
permeation equipment is the 47 mm XX4404700 water filter from MilliPore 4,5.  This
is quite a large area and, at this stage in OIPC/PVDF membrane development, 
fabricating uniform, defect free membranes of that size would be unnecessarily 
challenging and unreliable.  In order to simplify the process, the membranes made in-
house were pressed into a 12.5 mm diameter pellet.
Many research groups that recommend the use of the MilliPore water filter 
also do not fabricate membranes large enough to fit in the holder.  Instead, a disc of a
negligibly permeable material such as poly(ethylene phthalate), the polymer used to 
make transparency films, or brass is used as a support.  A hole is then cut or 
machined in the center of the support and epoxy is used to fix the membrane to the 
support such that it covers the hole.  This approach also allows for precise calculation
of the effective area of the membrane.  However, as discussed in chapter 1, the 
literature on OIPCs demonstrates that even small amounts of impurities can cause 
dramatic increases in ionic conductivity in an OIPC and it is not clear what effect the 
epoxy solvent or components would have on an OIPC-based membrane.  In order to 
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avoid such complications in this thesis, a sample holder was fabricated which seals 
the OIPC composite disc around its perimeter and immobilizes the composite 
between two sintered steel supports that are recessed in machined holes (see chapter 
2 for details).  The effective area (0.502 cm2) was calculated, in this case, as the area 
machined out of the stainless steel disc in which the sintered steel supports sit.  Using
this approach, however, membranes are often damaged upon removal from the 
membrane holder as shown in Figure 3.7, effectively precluding reuse of samples as 
well as precluding longitudinal studies.  Suggested design improvements are 
discussed in the future work section.
3.3 Gas Permeation
To test the gas permeation performance of the P122i4PF6/PVDF composite, a 
P122i4PF6/PVDF composite of 200 um and 84 wt% OIPC was fabricated by solvent 
casting in accordance with the procedures outlined in the methods chapter.  
Permeation experiments were performed over the temperature range from 35 °C to 
95 °C in 10 °C increments.  The membrane and permeation tank were held under 
vacuum overnight at the temperature at which the experiment was to be performed.  
Each experiment began with the feed tank pressure set to 1 bar and the permeate tank
evacuated (typically < 0.1 mBar).  Flux was measured at each of five trans-
membrane pressures for CO2 and each of 3 trans-membrane pressures for nitrogen 
ranging from 1 bar to 5 bar in 1 bar increments for CO2 and 2 bar increments for 
nitrogen.  The 1 bar trans-membrane pressure experiments were the only ones 
performed on a fully degassed membrane.  For the measurement of flux at higher 
pressures, feed pressure was increased while data were recorded.
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Figure 3.8: Scheme showing how CO2 flux data were derived.
Figure 3.8 shows a representative data collection and analysis for the CO2 
measurements performed on this composite.  Part A shows the raw measurements at 
35 °C as they were recorded on the data acquisition unit.  Part B shows the same data
after separating permeate pressure data into their constituent experiments and 
shifting the individual curves to intersect the y-axis at zero permeate pressure.  
Pressure can be increased in this way, because while the acquisition of solubility or 
diffusivity data are sensitive to the gas concentration in the membrane at the start of 
the experiment, flux measurements depend only on the trans-membrane pressure.  As
the beginning of each experiment involves an increase in the trans-membrane 
pressure, a period of non-linear flux exists before the steady-state is reestablished 
according to Fick's second law.  For this reason, the first 15 minutes of each 
experiment in part B are cropped out so that only the steady state data remain.  The 
slopes of these steady state segments are then plotted on the graph in part C.  Part C 
shows the derivation of the flux vs trans-membrane plot.  This plot is used for the 
determination of flux rates (outlined in chapter 2) as it was found to be a more 
reliable method than the measurement at only a single trans-membrane pressure.
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Figure 3.9: J vs TMP graph for both gases over a range of temperatures from 35 to 95 °C.  It is 
important to note that the y-intercepts are not equal to zero, and also the general increase in flux 
around the phase transition temperature (65 °C).
As previously mentioned, permeation experiments were performed over a 
range of temperatures.  Figure 3.9 shows data recorded at those temperatures (35 to 
95 °C in 10 °C increments) in the flux vs transmembrane pressure format described 
in Figure 3.8c.  Both the CO2 and N2 data in Figure 3.9 are fit linearly.  The gradients 
of these linear fits are used to calculate permeability at each temperature with the 
results shown in Figure 3.10a.
Figure 3.10: Permeability and selectivity for CO2/N2 in the P122i4PF6/PVDF composite.
One interesting feature in Figure 3.10a is the difference in the change in the 
rate of permeability increase around 70 °C.  This corresponds to the III to II solid-
solid phase transition that occurs at 65 °C as measured by DSC (Figure 3.14).  
Nitrogen permeability closely follows the same trend of phase-dependent 
permeability.  The resulting decrease in selectivity with temperature shown in Figure 
3.10b can be explained by the differences in activation energies between CO2 and 
nitrogen, discussed in chapter 4.
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3.4 Effect of Temperature and Pressure on Physical Properties
In the permeability versus temperature plot in Figure 3.10, the change in 
permeability in the lower temperature phase is constant for both gases.  In the higher 
temperature phase, however, the 95 °C permeability falls slightly below the trend 
established by the 65, 75, and 85 °C measurements on the CO2 trendline, while the 
nitrogen permeabilities at the same temperature establish a more consistent trend 
even at 95 °C.  This section offers an explanation for that observation.
Plastic crystals are named for their mechanical plasticity.  This means they 
physically deform under stress according to the force applied and the temperature of 
the material, which dictates whether it is in a more or less plastic phase.  This 
property is exploited after solvent casting to form a homogeneous OIPC/PVDF 
composite membrane during pressing.  This plasticity is also influential while the 
composite is performing its function as a gas separation medium.  The following 
contains a number of instances in which mechanical plasticity was observed in 
practice with the result of either changing permeation properties or undermining the 
membrane.
Figure 3.11: First demonstration of physical deformation of the P122i4PF6/PVDF composite in response 
to temperature and pressure.  The x-axis shows a chronological ordering of a series of permeation 
experiments with the blue points representing the temperatures at which experiments were performed 
and the red points showing the permeations calculated at the respective temperature.  The red and pink
ovals at (a) and (b) were expected to line up horizontally to indicate stable permeation, but the 
permeability drops over time, indicating that a change is taking place.  The nature of that change was 
further investigated in subsequent experiments.
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A permeation study was performed on a 71 μm composite consisting of 85 wt
% P122i4PF6 in PVDF to determine the reproducibility of flux measurements across 
phases III and II of the P122i4PF6 OIPC.  To conduct this experiment, duplicate 
measurements were performed at each temperature in each phase.  To look 
specifically at phase III, the temperatures from 35 to 65 °C were cycled through once
and were then cycled through a second time to record any changes that might have 
occurred at higher temperatures within phase III.  Afterward, flux was measured at 
phase II temperatures ranging from 75 to 95 °C.  Finally, flux was measured again at 
35 °C.  The graph (Figure 3.11) is read with the temperature and permeability 
measurement displayed chronologically along the x-axis and the temperature and 
permeability displayed on the primary and secondary y-axes in blue and red, 
respectively.
In phase III, the permeability measurements show a slight decrease in the 
second round (runs 9 through 12) compared with the first round (runs 1 through 8).  
In phase II, the decrease in permeability is much more apparent with permeability 
measurements trending downward over four consecutive measurements taken at both
85 and 95 °C.
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Figure 3.12: The images here represent a follow-up to the change in physical properties shown in 
Figure 3.11 that were induced by CO2 at elevated temperatures.  Part (a) shows a sudden increase in 
flux (light blue), during which the permeate tank was evacuated to prolong the measurement.  A total 
of three measurements are stacked to demonstrate that the high flux measurement was comparable to 
other measurements in the beginning.  Part (b) shows the point at which high flux was observed under 
nitrogen - at this point, it was evident that a hole was likely to have formed.  Part (c) shows an 
eventual lack of selectivity between the CO2 and N2 measurements at 55 C which had been used as a 
repeatable baseline measurement.  Part (d) shows an attempt at fitting the abnormal "high flux" 
permeation curves with the 3-tank model from chapter 2.  For reference, flux is measured on a 22um 
thick cellulose acetate (CA) replicating film (blue line) which superimposes perfectly on the fit for 
that curve (red).  The yellow and green curves, representing the "high flux" state exhibited by the 
OIPC/PVDF composite and its fit, respectively, do not match.
To further investigate the phenomenon in Figure 3.11, a second set of 
experiments was performed at 85 and 95 °C.  These experiments were performed on 
the 200 μm membrane used to acquire the data in the permeation section (section 3.2 
chapter 3) and were commenced after all the necessary flux data were collected for 
the CO2 and nitrogen experiments reported earlier in this chapter.  This set of tests 
consisted of multiple measurements under 5 bar trans-membrane pressure and at 95 
°C under both CO2 and nitrogen gases.  Quality checks were interspersed by going 
back to 55 °C to measure permeation under CO2 and N2 so the flux and selectivity 
data could be compared with earlier measurements.  This was meant to reveal any 
damage that may be sustained in the course of these higher temperature 
measurements.  The goal, ultimately, was to follow the progressive decline in 
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permeability at 85 and 95 °C until they finally leveled off and this was to be 
accomplished by performing repeated measurements alternating between CO2 and N2
at 95 °C and 5 bar.
The eventual result of these tests was the flux profile pictured in Figure 3.12a 
showing a sudden increase in permeability under CO2.  A discontinuity is observed at
30 hours because the permeate tank was manually placed under vacuum briefly to 
reestablish the pressure gradient and extend the observation.  For several hours 
thereafter, a very high rate of flux is observed.  This period of high flux is punctuated
by abrupt decreases in permeability as seen around 550 and 600 mBar and 45 and 60 
hours, respectively.
This high permeability state was observed multiple times during these 
experiments while permeating CO2 at 95 °C and 5 bar.  Each time it was observed, 
the apparatus was cooled to 55 °C and the flux and selectivity measurements 
originally obtained for CO2 and N2 were reproduced and the results were found to 
match with earlier results.  It is important to note that nitrogen permeation at 95 °C 
and 5 bar was unable to induce the high permeation state.
To understand the unusual shape of the permeate pressure curve from the 95 
°C CO2 experiment in Figure 3.12a between 30 and 70 hours, a spreadsheet model 
was developed to show the shape of the permeate pressure curve one would expect if 
permeation were driven solely by a pressure gradient - this spreadsheet model would 
later be extended to fit three tanks and would be developed into the 3-tank fit model 
discussed in section 2.9.3 in chapter 2.
To test the spreadsheet model, CO2 permeation was measured to 700 mbar 
permeate pressure on a sample of cellulose acetate replicating film measuring 22 um 
in thickness.  The fit, shown in Figure 3.12d, was so close that the cellulose acetate 
curve (blue) is obscured by the fit curve (red), suggesting that the change in the 
pressure gradient over time was the main factor in the change in the rate of 
permeation.  When the same spreadsheet model was used to fit the CO2 curve from 
Figure 3.12a, the fit was very poor, with a sudden departure from the model fit.  This 
is not consistent with the assumption that the pressure gradient is the main variable 
determining permeation rates and suggests a more dynamic system.
Eventually, during a test under 5 bar of nitrogen at 100 °C, the high 
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permeability state was induced (Figure 3.12b).  Following this test, the yellow (CO2) 
and green (N2) curves in Figure 3.12c were recorded, showing that the membrane 
was no longer demonstrating selective permeation.  The results were now consistent 
with the formation of a hole and the experiments were ended.  Figure 3.13 shows a 
composite of multiple SEM images taken of the high-pressure side of the membrane 
following unmounting.  Images of the low-pressure side of the membrane are 
unavailable as the membrane had to be scraped off of the sintered steel support and 
the OIPC component, which had been extruded into the support, had to be dissolved 
with a solvent.
Figure 3.13: Composite SEM of the high-pressure surface of the P122i4PF6/PVDF membrane after six 
weeks of experiments under elevated temperature and pressure.  In this image, the membrane was in 
the process of being unmounted, so it is still stuck on one side of the stainless steel support.  (A) is a 
region where the membrane was torn by the process of separating the stainless steel discs sandwiching
it in the membrane holder.  (B) shows a light-colored patch where the OIPC component was displaced 
by excessive temperature and pressure and bare PVDF nanofibers were exposed.  (C) shows a dark-
colored patch where the OIPC component is still coating the PVDF nanofibers and was not displaced.
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Based on these observations, it was concluded that the force applied across 
the membrane had caused the OIPC component to flow into the sintered steel 
support.  The membrane was exhibiting lower flux because it had effectively been 
thickened through this extrusion.  This is explained by equation 1.8, which shows 
that flux has an inverse linear relationship with thickness.  It was hypothesized that 
the CO2 was inducing a high mobility state in which pores were forming and would 
suddenly collapse when the pressure difference was no longer sufficient to sustain 
them and that this is what resulted in the unusual shape of the CO2 permeation curve 
in Figure 3.12a.  These effects were more pronounced under CO2 than nitrogen, 
presumably because of its higher solubility, as discussed in the NMR results below.
In summary, the permeation behavior shown in Figures 3.12, 3.11, and likely 
also the slight downward deviation from the general trend in phase II CO2 
permeation in Figure 3.10, were the result of flow of the OIPC as the result of 
exposure to elevated pressures while in a highly plastic phase.  This is worthy of note
because the signs of this flow were not necessarily intuitive as damage to the 
membrane was not apparent on the basis of measuring selectivity, but on the basis of 
a continuous decrease in permeability.
3.5 Indirect CO2 Observation
3.5.1 Differential Scanning Calorimetry (DSC)
CO2 and N2 permeation tests were performed on P122i4PF6/PVDF composite 
membranes.  In order to see the effect of the incorporation of PVDF nanofibers and, 
later, the effect of the dissolution of CO2 in the OIPC/PVDF composite, the P122i4PF6, 
the P122i4PF6/PVDF composite, and the P122i4PF6/PVDF immediately following CO2 
permeation were evaluated separately by DSC.  The aim was the answer questions 
such as whether or not the inclusion of nanofibers or exposure to CO2 has any 
measurable effect on the entropy or temperature of phase transitions compared with 
the pure OIPC.  For example, work involving the OIPC P12BF4 showed that 
supercritical CO2 was able to depress the onset temperatures of several solid-solid 
transitions and the melt 6.
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Figure 3.14: DSC traces of pure P122i4PF6 (Blue), P122i4PF6/PVDF (Red), and P122i4PF6/PVDF 
immediately after CO2 exposure at 5 bar (Yellow).  Pure PVDF is also shown (in blue on top).  There 
were no relevant features below 0 °C.
Material Transition Entropies (J/mol K)
IV -> III III -> II II -> I Melt IV -> III III -> II II -> I Melt
OIPC 23 68 117.5 139 38.2 5.32 4.19 3.75
OIPC/PVDF 24 68 116.5 123 22.7 2.29 1.56 18.5
24 67 114.5 122 18.9 1.87 0.96 19.8
Transition Temperatures (oC)
OIPC/PVDF/CO2
Table 3.1: Onset temperatures for various formulations of P122i4PF6, PVDF nanofibers, and CO2 and 
their entropies.
Transition shapes and onsets for the pure P122i4PF6 observed by DSC in this 
work are the same as reported in the literature 7.  The trace of the pure OIPC, shown 
in blue in Figure 3.14, includes a shoulder on the phase III to II transition peak.  
Some reports in the literature of the DSC trace of this OIPC include this feature 8, 
while others do not 7.  In all, the solid-solid transitions remain sharp across all the 
compositions, with a significantly depressed melt occurring over a broad temperature
range.
The major differences between the P122i4PF6/PVDF composite (red trace, 
Figure 3.14) and the pure P122i4PF6 OIPC are a slight depression in the II to I solid-
solid phase transition and a significant depression in the melt onset of 16 °C.  
Melting point depression is a common result of the presence of impurities in an 
OIPC as is exemplified by the separate additions of PVDF nanofibers or lithium salts
into the P12FSI OIPC 3.  Finally, the small shoulder on the III to II solid-solid phase 
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transition is no longer evident in the OIPC/PVDF composite.  Transition entropies 
also decrease as PVDF nanofibers are introduced and as the composite is exposed to 
CO2.
After exposing the P122i4PF6/PVDF composite to CO2, further changes occur 
in shapes and positions of the phase transitions.  The III to II, II to I, and melt 
transitions are all further depressed relative to the OIPC/PVDF composite, consistent
with the presence of CO2 which can be considered as acting as an impurity in the 
OIPC.  Another indication that the concentration of impurities in the bulk OIPC 
phase has increased is the broadening of the transitions, with the IV to III and melt 
transitions broadening most noticeably.
3.5.2 1H, 19F, and, 31P NMR
To investigate the effects of CO2 dissolved in pure P122i4PF6 by NMR, three 
samples were prepared as shown in Figure 3.15.  For each gas, a 5 mm diameter 
quartz NMR tube was cut down to 3 cm and filled to approximately 1 cm with a fine 
powder of P122i4PF6.  The P122i4PF6 was pulverized using a liquid nitrogen-cooled 
mortar and pestle to increase surface area and increase the speed with which each gas
could be absorbed into the OIPC.  The P122i4PF6/argon sample was left uncapped 
overnight in an argon-filled glove box.  The P122i4PF6/CO2 and P122i4PF6/nitrogen 
samples were left overnight under positive pressures of their respective gas in the 
bubbler system pictured in Figure 3.15.  The vials were sealed with Teflon caps and 
transported to an NMR facility inside of 20 mL vials filled with the same gas.
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Figure 3.15: Gas bag and bubbler systems used for holding the P122i4PF6 NMR samples under an 
atmosphere of a selected gas.  OIPC samples were left under positive pressure of the respective gases 
(CO2 for A, nitrogen for B, and argon for C) overnight before sealing in-place.
Prior variable temperature NMR work published by Jin et al on the pure 
P122i4PF6 provide a baseline against which the changes in linewidth in this section can
be qualitatively evaluated 7.  In particular, the prior work provides information about 
relative changes in linewidth of various nuclei as phase boundaries are crossed.  In 
general, as the molecular dynamics increase, the NMR linewidths decrease due to 
dynamic averaging of interactions such as dipolar couplings.
NMR spectra obtained from the 1H, 19F, and 31P nuclei at room temperature 
are shown in Figure 3.16.  The 1H spectrum shows significant decreases in linewidth 
in the argon- and CO2-exposed samples relative to the nitrogen-exposed sample.  The
19F spectrum shows similar reductions in linewidth for both the argon- and CO2-
exposed samples relative to the nitrogen-exposed sample.  As hydrogen is only 
present on the cation, and fluorine is only present on the anion, the 1H and 19F spectra
show unambiguously that both the cation and anion experience increases in mobility 
in response to argon and CO2 exposure relative to nitrogen exposure.
Out of the three nuclei studied by Jin et al and in this work, the 19F and the 31P
on the anion are the least sensitive to the IV to III solid-solid phase transition, which 
begins at 24 °C.  While the 1H peak undergoes significant narrowing in response to 
argon and CO2 relative to nitrogen, showing a greater increase in mobility, it is the 
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31P nucleus that provides the most useful information in this case.  This is because the
31P nucleus is present on both the cation and the anion.
The 31P atoms belonging to the cation and anion are labeled in Figure 3.16 
with the cationic 31P on the left and the anionic 31P on the right.  The contrasting 
responses to exposure to the different gases is evident in the changes in T1 spin-
lattice relaxation times (Table 3.2).  Spin-lattice relaxation reflects the velocity with 
which magnetization induced by an NMR pulse can be dissipated away into nearby 
matter and is an indication of the dynamism of the system with shorter T1 relaxation 
times indicating greater mobility/dynamism.  It is therefore most evident in the T1 
relaxation times for both the anionic and cationic 31P that CO2 and argon induce a 
more dynamic environment than does the nitrogen, which results in a larger increase 
in dynamism for the cation than for the anion.  This is consistent with MD work on 
the system 9.
Simulation work on the pure P122i4PF6 system 9 shows that the anion is already
tumbling anisotropically in phase IV and continues to do so across the IV to III solid-
solid transition.  This is reflected by a relative unresponsiveness of the 31P nucleus on
the anion in the NMR signal as the OIPC shifts with temperature from phase IV to 
phase III, providing a useful contrast against the 31P nucleus on the cation, which 
experiences an increase in mobility across the IV to III transition.  The result being 
that the relative peak heights of the 31P nuclei belonging to the cation and anion can 
be used here to conclude that further increases in the mobility of the cation occur in 
response to exposure to both argon and the CO2, but not in response to nitrogen 
exposure.  The peak narrowing observed in response to argon and CO2 exposure is 
similar to the peak narrowing seen in the IV to III phase transition.  While it is 
inconclusive whether a phase transition occurred in this particular case, supercritical 
CO2 and other impurities resident in an OIPC are known to have the effect of 
depressing phase transition onset temperatures (discussed in chapter 1).
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Figure 3.16: NMR spectra of the 1H, 19F, and 31P nuclei of P122i4PF6 in the presence of argon, CO2, and 
nitrogen.
The effects of the presence of CO2 in the P122i4PF6 and P122i4PF6/PVDF 
systems appeared as an increase in the mobile component (visible in the NMR 
spectra as a sharp peak) of the OIPC in response to the inclusion of PVDF nanofibers
with a further increase upon introduction of CO2 to the OIPC/PVDF system (Figure 
3.17).  This is likely due to an increase in dynamism localized around the interfaces 
between the PVDF and the OIPC.  Wang et al showed the same effect in an 
experiment in which the concentrations of OIPC and PVDF powder were varied with
the resulting composites tested for conductivity and imaged by SEM 10.  These 
composites were comprised of uniformly sized spheres of PVDF pressed with an 
OIPC bulk phase with the concentration of OIPC modulating the average distance 
between spheres and, thus, the average distance between any point in the bulk phase 
and an OIPC/PVDF interface.  Conductivity was highest when the OIPC was 
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sufficient to coat the PVDF without leaving voids, but began to drop as the average 
distance between interfaces increased and bulk phase dynamics were more important,
showing the importance of the disorder that is induced at the interface.
Table 3.2: Spin-lattice relaxation times for argon, nitrogen, and CO2 corresponding to the NMR 
spectra shown in Figure 3.16.
Figure 3.17: 1H NMR spectra of P122i4PF6 after inclusion of PVDF nanofibers and the further 
introduction of CO2 gas.
3.5.3 IR
A series of IR experiments were also performed on the pure OIPC to look for 
signs of dissolved CO2.  First, a set of variable temperature measurements was 
performed, starting at 25 °C and finishing at 95 °C, with the temperature increased in
10 °C increments.  The spectra (Figure 3.18) show a series of peaks that shift 
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gradually in response to the increase in temperature, with a sudden and general 
broadening of peaks occurring between the 65 °C and 75 °C measurements, 
corresponding with the III to II solid-solid phase transition of the OIPC that occurs at
an onset temperature of 68 °C.  Examples of peak broadening can be seen in Figure 
3.18b,c while the shifting of peaks with temperature can be seen in Figure 
3.18b,d,e,f,g.
The second portion of this IR experiment was conducted at room temperature
to differentiate between a P122i4PF6 sample that had been left on the bench top 
overnight as a control versus a sample of the same material that had been left under 
an atmosphere of CO2 overnight.  Having a "control" sample, in this case, was 
important as the IR equipment does not facilitate performing experiments under a 
controlled atmosphere.  Thus, leaving a control sample out in the air overnight allows
it to absorb moisture, etc, and may help to diagnose any unexpected features in the 
experimental sample that may have arisen in response to air exposure.  These 
experiments resulted in a variety of changes of various size in terms of the sharpness 
of some peaks and a shifting in the positions of some others.
Assignment of vibrational frequencies and modes for the 
hexafluorophosphate anion was straightforward with the help of a recent detailed 
review of vibrational spectroscopy of ionic liquids 11.  Assignment for the cation, 
however, was less straightforward as there do not seem to be many detailed 
vibrational assignments for tetraalkyl phosphonium cations.  The closest available 
was a very detailed assignment of peaks for the trihexyltetradecylphosphonium 
cation used in ionic liquids in combination with the NIST spectra for methane, 
ethane, and isobutane.  The resulting peak assignments can be found in Table 3.3.
Figure 3.18a shows peaks with a fixed position invariant of temperature or 
exposure to CO2.  The peak at 555 cm-1 is associated with the fluorine-phosphorus 
bonds on the anion.  Figures 3.18b and c are examples of peak broadening with 
temperature, including a sudden broadening across the III to II phase transition at 68 
°C.  The variable temperature peaks in Figures 3.18e and f show examples of peak 
shifting in the pure OIPC in response to increasing temperature.  These examples 
also show an accelerated peak shifting when the III to II phase transition is crossed.  
These observations show that the anion is relatively unresponsive to temperature 
changes or the presence of CO2 and that the cation exhibits more dynamic behavior 
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in response to both temperature changes and CO2.
With regard to the differences before and after CO2 exposure, there are some 
interesting features that suggest the CO2 is dissolved in the bulk OIPC.  The air- and 
CO2-exposed OIPC spectra shown in Figures 3.18b and c both show sharper peaks in
the pre-CO2 measurements, resembling the measurements taken at phase III 
temperatures in the pure OIPC, but broader peaks appear in the post-CO2 
measurements, resembling the measurements taken at phase II temperatures in the 
pure OIPC.  This suggests a disordering effect compared with the pre-CO2 sample.  
Figure 3.18f shows a smooth migration in the peak position as temperature increases,
shifting, in the pure OIPC, from 1372 cm-1 at 25 °C to 1375 cm-1 at 95 °C.  The pre-
CO2 OIPC sample shows a peak at  1372 cm-1, but the post-CO2 OIPC peak has 
migrated to 1374 cm-1, a shift corresponding to the 65 °C measurement in the pure 
OIPC despite the pre- and post-CO2 measurements having been performed at room 
temperature.  Finally, Figure 3.18d is representative of some peaks that shift away 
from both the pure OIPC and the pre-CO2 OIPC by between 2 and 9 wavenumbers in
the cases of peaks at 1115 and 2887 cm-1, respectively, possibly as a result of 
interactions with CO2 dissolved in the bulk phase.  
The response of the cation of the P122i4PF6 to the presence of CO2 as studied 
by IR is consistent with the NMR findings.  In particular, almost every peak 
associated with a CH2 or CH3 group (peculiar to the cation) is either broadened or 
shifted.  Curiously, symmetric stretching of the CH3 group at 2878 cm-1 is blue-
shifted by almost 10 wavenumbers, but the other stretching modes at 2930 and 2969 
cm-1 remain unchanged.
Understanding the response of the anion of the P122i4PF6 to the presence of 
CO2 as studied by IR will require more study.  The results thus far show by 19F NMR 
(Figure 3.16) that an atmosphere of either argon or CO2 caused narrowing of the 
linewidths of the fluorine and phosphorus nuclei associated with the anion which is 
consistent with an increase in mobility of the anion.  Counter to that is the the lack of
responsiveness seen in the IR spectra of the peaks associated with the anion in 
response to CO2 exposure.
There are two hypotheses for these apparently discrepant observations.  The 
first hypothesis is that the NMR experiments were performed under an atmosphere of
CO2 in a sealed NMR tube while the IR experiments were performed in air 
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immediately after having been stored under a CO2 atmosphere overnight.  It is 
possible that the rate of dissipation of the CO2 from the IR sample in air was fast 
enough to make its effect on the anion fall below the detection limits of the 
instrument.  This is consistent with the NMR result as the effect of CO2 exposure on 
linewidth narrowing was much greater for the cation than for the anion.  The second 
hypothesis is related to the temperature at which the measurements were taken.  The 
P122i4PF6 has a IV to III solid-solid phase transition at 23 °C.  The NMR experiments 
were performed at room temperature while the IR experiments were performed at 25 
°C and above.  There is also precedent for impurities lowering the onset temperatures
of solid-solid phase transitions in OIPCs 6.  It may be that the CO2 helped to induce 
the transition from phase IV to phase III in the NMR experiment whereas the OIPC 
was already in phase III in the IR experiment.
Again, the results for the cation mirror the results found in the NMR work - 
specifically, that the cation is measurably influenced by the presence of CO2.  The 
results for the anion are as-yet less conclusive - nuclei associated with the anion 
appear to respond to the presence of CO2 when measured by NMR, but this 
responsiveness has not yet been measured by IR.  Taken together, the presence of 
CO2 and, in the case of the NMR, argon as well, increases disorder which is seen 
primarily in increased mobility on the cation.  High pressure NMR and IR 
experiments are proposed in the Future Work section in chapter 5 to help to better 
understand the behavior of each of the ions in response to the presence of different 
gases.
Further investigation of the IR spectra of the pure P122i4PF6, the gas-laden 
P122i4PF6, and the P122i4PF6 at different temperatures, as well as deconvolution of some
of the complex peaks (Figure 3.18b, for example) might yield important information 
that can be coupled with theoretical calculations to further understand the dynamics 
of the system in response to temperature and different gases.
 Frequency cm-
1
Ion Assignment Strength Ref
468 PF6 w 11
480 - --- w
554 PF6 vs 11
617 P122i4 v(P-C) w 12
715 P122i4 r(CH2) m 12
99
729 P122i4 r(CH3) m 12
741 PF6 m 11
772 P122i4 r(CH2) r(CH3) w 12
781 - --- m
822 PF6 vs 11
877 P122i4 r,t(CH2) r,t(CH3) m 12
903 P122i4 r,t(CH2) r,t(CH3) m 12
952 P122i4 t(CH2) t(CH3) w 12
1012 P122i4 δ(C-C) w(CH3) r(CH2) w 12
1026 P122i4 δ(C-C) w 12
1042 P122i4 δ(C-C) m 12
1084 P122i4 t(CH2) m 12
1114 P122i4 t(CH2) t(CH3) m 12
1168 P122i4 r,t(CH2) r,t(CH3) - isobutyl groupNIST w 12
1223 P122i4 w(CH2) w(CH3) w 12
1244 P122i4 t(CH2) t(CH3) w 12
1261 P122i4 w(CH2) w(CH3) w 12
1275 P122i4 t(CH2) t(CH3) w 12
1314 P122i4 t(CH2) w,t(CH2) m 12
1343 P122i4 w(CH2) w 12
1374 P122i4 s(CH3)1 w 12
1393 P122i4 s(CH2)1 m 12
1406 P122i4 s(CH2)1 m 12
1422 P122i4 s(CH2) or s(CH3) m 12
1457 P122i4 s(CH3) m 12
1468 P122i4 s(CH2)2 s(CH3)2 m 12
1579 - --- w
2878 P122i4 v(CH3)sym w 12
2930 P122i4 v(CH2) v(CH3) w 12
2969 P122i4 v(CH3)asym w 12
Table 3.3: List of vibrational frequencies and peak assignments for the P122i4PF6 OIPC.  Vibrational 
modes are designated δ - bending, v - stretching, r - rocking, t - twisting, w - wagging, s - scissoring, 
sym - symmetrical, and asym - asymmetrical following the convention in 12.  Peak strengths are w < 
10%, m < 30%, s < 50%, and vs <= 100% absorption.
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Figure 3.18a: The bending mode of the P-F bond at 554 cm-1 is representative of the anion peaks in 
general which did not respond at all to increases in temperature or to the presence of CO2 in this series
of experiments.  This is consistent with MD and NMR results showing that the anion is already 
tumbling freely in phase III 7.  The label dT refers to variable temperature measurements.  The color-
coded table indicates the temperature at which each of the dT experiments was measured.
Figure 3.18b: The peak at 1041 cm-1 at room temperature, associated with C-C bending on the cation 
broadens in response to the III to II transition (dT), but is blue-shifted in response to CO2.  The label 
dT refers to variable temperature measurements.  The color-coded table indicates the temperature at 
which each of the dT experiments was measured.
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Figure 3.18c: The peak at 903 cm-1 is associated with rocking and twisting of CH2 and CH3 groups on 
the cation.  Deconvolution would show a peak around 912 cm-1 that is red-shifting in response to CO2. 
The label dT refers to variable temperature measurements.  The color-coded table indicates the 
temperature at which each of the dT experiments was measured.
Figure 3.18d: The peaks at 1082 and 1113 cm-1, associated with twisting in CH2 and CH3 groups on 
the cation are blue-shifted in the presence of CO2, but are largely unaffected by temperature.  The 
label dT refers to variable temperature measurements.  The color-coded table indicates the temperature
at which each of the dT experiments was measured.
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Figure 3.18e: The peak at 877 cm-1, associated with rocking and twisting of CH2 and CH3 groups on 
the cation are unaffected by the presence of CO2, but are red-shifted as temperature is increased.  The 
label dT refers to variable temperature measurements.  The color-coded table indicates the temperature
at which each of the dT experiments was measured.
Figure 3.18f: The peak at 1374 cm-1, associated with scissoring of the terminal methyl group on the 
cation is blue shifted in response to increases in temperature and the presence of CO2.  The label dT 
refers to variable temperature measurements.  The color-coded table indicates the temperature at 
which each of the dT experiments was measured.
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Figure 3.18g: The peak at 2878 cm-1, associated with symmetric stretching of all terminal methyl 
groups on the cation, is strongly blue-shifted in the presence of CO2, but not with increases in 
temperature.  The label dT refers to variable temperature measurements.  The color-coded table 
indicates the temperature at which each of the dT experiments was measured.
3.6 Direct CO2 Observation
3.6.1 13C NMR
As the natural abundance of the NMR active isotope of carbon is around 1%, 
attempts at directly observing CO2 dissolved in a matrix such as an OIPC are made 
much more feasible by the use of isotopically enriched CO2.  For this reason, 99% 
enriched 13C CO2 was purchased from Sigma Aldrich for direct detection.  In this 
experiment, pulverized P122i4PF6 powder was placed in a shortened NMR tube, 
exposed to enriched CO2, and capped before NMR analysis.  Prior to the test, a 
similar NMR tube was filled with 13C CO2 and capped.  Hours after filling the vial, 
the intensity of the enriched CO2 peak had not noticeably decreased, giving a time 
frame of several hours during which NMR experiments could be performed in this 
way.
Two carbon peaks are evident in Figure 3.19c, but as the powder was loose in
the vial, it was possible to redistribute the material such that the OIPC could be 
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placed in different orientations with respect to the probe coil, as shown in Figure 
3.19a and Figure 3.19b, allowing discrimination between CO2 in the gas phase versus
CO2 in the OIPC.  It was unclear whether the CO2 responsible for the broad peak 
around 125 ppm in Figure 3.19a was due to CO2 adsorbed onto the surface of the 
OIPC or if it was dissolved into the OIPC.
In order to make this determination, another 3 cm NMR tube was packed 
with P122i4PF6 powder which was then melted inside the tube to form a solid plug, 
reducing surface area and increasing the likelihood that a signal obtained with the 
plug situated inside the coil originated from dissolved CO2 rather than adsorbed CO2.
While a distinct peak corresponding to dissolved CO2 is not evident in Figure 3.19, 
this does not rule out the presence of dissolved CO2.  Prior reports on MOFs have 
shown that CO2 peaks can sometimes be very broad at low temperatures due to large 
chemical shift anisotropy broadening 1314.  If a dissolved CO2 peak can spread over 
tens of ppm and is also very low intensity, it can be very difficult to detect above the 
level of the background noise.
Figure 3.19: Solid-state NMR spectra for the carbon peaks of gaseous and adsorbed CO2 in P122i4PF6.  
The green areas in the diagrams on the right represent the location of the OIPC relative to the RF coil.
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3.7 Conclusion
P122i4PF6/PVDF composite membranes were prepared for the purpose of 
testing the permeation rates of CO2 and N2.  This testing was done on a time-lag 
apparatus using a single gas at a time.  Assumptions of ideality (from chapter 2) were
used to calculate the permeability selectivity of the composite membrane.  The result 
was a demonstration of selective permeation with a permeability selectivity for 
CO2/N2 of 30 and a CO2 permeability of 35 Barrer at 35 °C.  There is a phase-
dependent increase in permeability as temperature increases, with a steeper increase 
in permeability with temperature in phase II than in phase III.  A change in 
permeability selectivity is also observed as temperature increases, with a gradual 
decrease from 30 at 35 °C to around 12 at 95 °C.  The CO2 permeabilities measured 
in these membranes is comparable to those seen in the first generation poly-RTIL 
membranes discussed in chapter 1 and the CO2/N2 permeability selectivities 
measured in these membranes is similar to those of both poly-RTIL and supported 
ionic liquid membranes.
DSC, IR, and NMR were used to detect CO2 dissolved in P122i4PF6 both 
directly and indirectly.  DSC analysis showed that multiple transition onset 
temperatures were depressed in the OIPC/PVDF composite as a result of the 
presence of CO2 and all of the transitions occurred over broader temperature ranges.  
Each of these phenomena is consistent with the presence of dissolved CO2 acting as 
an impurity.  It was shown by NMR that the linewidths of the 1H and 19F spectra were
narrowed in the samples containing argon and CO2, indicating an increase in mobility
compared with the sample containing nitrogen.  Changes in the relative widths of the 
31P peaks for the cation and anion were also consistent with the onset of phase III 
dynamics in response to argon and CO2 exposure whereas nitrogen exposure was 
unable to induce the same effect.  IR observations showed that exposure to CO2 
resulted in a general broadening of many peaks, causing them to more closely 
resemble peaks obtained at higher temperature phases in the pure material.  The 
results of these attempts at measuring the effects of dissolved CO2 are consistent with
the presence of dissolved CO2.
Attempts to directly observe dissolved CO2 were mixed.  It was possible to 
directly observe 13C NMR signals from CO2 in the gas phase and as it was adsorbed 
onto the OIPC, but a distinct peak corresponding to dissolved CO2 was not found.  
106
When IR was used at ambient pressure, no direct indications of the presence of 
dissolved CO2 were observed.  The inability to obtain NMR and IR spectra under a 
pressurized atmosphere presented limitations toward the direct observation of 
dissolved CO2 in P122i4PF6.  Suggestions for future work include the use of IR and 
NMR instruments with environmental chambers in which temperature and pressure 
can be controlled.  Further detail is provided in chapter 5.
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CHAPTER 4
SELECTIVE PERMEATION IN P12BF4 AND P12FSI
4.1 Introduction
This chapter extends the previous chapter by expanding to include additional 
OIPCs.  The first, P12BF4, has been studied extensively for its potential as a solid 
state electrolyte including characterization by NMR, IR, and PALS 1.  The second, 
P12FSI 2, has also been evaluated for its potential use as a solid state electrolyte 3.  In 
both cases, the inclusion of electrospun PVDF nanofibers was investigated and found
to increase conductivity, hinting that an increase in gas permeation rates might also 
follow.
4.2 Sample Preparation
The P12BF4 was synthesized by a colleague (Dr. Ruhamah Yunis) in 
accordance with published procedures 4 as was the P12FSI 2.  After synthesis, purity 
of the P12FSI was confirmed by 1H and 13C NMR and the bromide content was 
measured at 50 ppm by an ion selective electrode.  The P12BF4 was also analyzed for 
purity by 1H and 13C NMR.  The bromide content was measured at 560 ppm by an 
ion selective electrode and the silver content was measured at 20 ppm by an ion 
selective electrode.  The OIPCs were stored in a glove box under an argon 
atmosphere until use.
To make the P12BF4/PVDF composite, The P12BF4 was dissolved in methanol 
and solvent cast in accordance with the methods in chapter 2.  Two separate batches 
were made of the P12BF4/PVDF composite.  The composite that was tested from the 
first batch was measured at 200 μm in thickness using a micrometer.  The composite 
that was tested from the second batch measured 288 μm in thickness.  The 
permeation results of each are displayed in the graphs in Figures 4.2 and 4.3.
To make the P12FSI/PVDF composite, as with the P12BF4, the P12FSI OIPC 
was dissolved in methanol and solvent cast into the electrospun PVDF nanofibers 
according to the methods discussed in chapter 2.  The composite that was tested for 
permeation from this batch was 268 μm in thickness.
The PVDF nanofiber mats used for support in these composites were 
prepared by another colleague (Dr. Xiaoen Wang) by electrospinning 3.  A solution 
was made consisting of 10 wt% PVDF with a molecular weight of 400,000 in a 1:1 
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solution of DMF and acetone.  This was then transfered into a 10mL syringe which 
was placed on a syringe pump.  The pumping rate was 1 mL per hour and the 
aluminum foil-covered rotating cylindrical collector was 15 cm away from the tip of 
the needle with a 15kV potential.  Collection time was around an hour.  After 
collection, the aluminum foil was cut and folded with the fibers facing inward and 
was placed in a plastic bag for storage in the dark.
As discussed in chapter 2, it is necessary to evaporate most of the casting 
solvent before the OIPC/PVDF composite is further dried in the vacuum oven 
because quickly reducing the pressure over a solvent-laden composite will cause the 
solvent to flash-boil and destroy the membrane.  As the P12FSI is stable in the 
presence of moisture and moderate temperature, the P12FSI/PVDF composites were 
dried for a few minutes in an oven at a temperature of 70 °C before being placed in a 
vacuum oven to be further dried at 50 °C.  As the BF4 anion is known to be more 
sensitive to hydrolysis, especially in the presence of elevated temperature, the 
P12BF4/PVDF composites were allowed to air dry on the bench for an hour before 
being placed in a vacuum oven to dry further at 50 °C.  Left in the vacuum oven to 
dry overnight, each batch was then moved to a desiccator where it stayed until 
needed.
4.3 Gas Permeation
4.3.1 Permeability
Prior to beginning permeation experiments, the die cell was placed in an oven
maintained at 70 °C and left for at least an hour to allow it to thermally equilibrate.  
The OIPC/PVDF was then removed from the desiccator and quickly loaded into the 
heated die and pressed under 1/2 ton for an hour before finally being loaded into the 
membrane cell and held under vacuum overnight in preparation for flux 
measurements.
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Figure 4.1: Representative derivation of flux data for nitrogen in the P12FSI/PVDF system.  (A) shows 
unprocessed feed and permeate pressure data.  The 1, 2, and 3 Bar labels are approximate and are used
as guides.  For calculations, exact pressures are used.  (B) shows the steady-state portions of the 
permeation data from (A) split into individual curves and fitted with linear fits.  The linear fits appear 
as the thinner lines in (B) and (C).  In (C), the permeation data from (B) have been corrected for 
leakage and (D) shows the data from (C) replotted and fit with the power function.
When permeation measurements were performed, they were processed 
through the fit and power function procedures described in chapter 2.  Both the fit 
and power function procedures were developed to aid in the interpretation of 
nitrogen flux data and, for the purpose of verifying the validity of these procedures, 
their application to CO2 data has no statistical effect on the outcome compared with 
linear fitting.
In the previous chapter, the data handling process was described as it was 
applied to the P122i4PF6/PVDF composite.  Figure 4.1 shows the same process with 
the fit and power function steps included in the data handling.  Figure 4.1a shows the
raw flux data as recorded on the data acquisition unit.  The permeate pressure curves 
were segmented at the points in time corresponding to increases in the feed tank 
pressure, signifying the start of flux measurements at the next pressure increment.  
The individual flux profiles were shifted downward such that they register zero 
permeate pressure at the origin.  The period corresponding to Fick's second law, 
during which time the concentration of the penetrant gas in the membrane was still 
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changing, was typically very brief for CO2 and nitrogen flux measurements in these 
composites, so the flux profiles may appear to be linear.  Nevertheless, these non-
steady state portions of the flux profiles were removed so that only the steady-state 
portion of the flux profile remains (Figure 4.1b).  Figure 4.1c shows the steady-state 
portions of the same data after compensating for the pressure increase due to flux 
between the third tank and the permeate tank using the fit described in chapter 2.  
After processing, the slopes of the steady-state portions of the flux profiles in Figure 
4.1c are fit with a power function in Figure 4.1d.  Based on the fit in Figure 4.1d, the 
permeability were calculated.
Figure 4.2: CO2 permeability data for each of three OIPC/PVDF systems.  Uncertainties were 
included for CO2 measurements on the second batch of the P12BF4/PVDF and for the P12FSI.  Phase 
transitions for the P122i4PF6 and the P12BF4 are marked in blue and yellow, respectively, with their 
respective solid phases marked on the appropriate sides of the transitions in the same colors.
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Figure 4.3: Permeation data as measured for N2 for all three OIPC/nanofiber systems.  Uncertainties 
were included for N2 measurements on the second batch of the P12BF4/PVDF and for the P12FSI.  
Phase transitions for the P122i4PF6 and the P12BF4 are marked in blue and yellow, respectively, with 
their respective solid phases marked on the appropriate sides of the transitions in the same colors.
Permeabilities for the P12BF4/PVDF and P12FSI/PVDF composites were 
calculated from the data obtained using the power fitting process described in chapter
2.  Uncertainties were estimated using equation 2.3 from chapter 2.  For consistency, 
both the CO2 and N2 permeation results were fit using the same method with no 
significant change in the CO2 permeability values compared with calculations based 
on linear fits.
The P12BF4/PVDF measurements were done over two different samples.  On 
the first sample, CO2 permeation was measured at five pressures from 1 to 5 bar at 
increments of 1 bar.  These measurements were performed at each temperature over 
the 35 to 95 degree range at 5 degree increments.  These measurements are 
represented by the yellow triangles in Figure 4.2.  N2 permeation measurements were
performed on a second sample of the P12BF4/PVDF composite.  In order to ensure 
that the two samples were comparable, before going on to measure N2 permeation, 
the initial CO2 measurements were repeated at four temperatures - two temperatures 
in each phase.  Shown by the green triangles in Figure 4.2, the CO2 permeability 
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measurements made on the second sample are in good agreement with the original 
measurements in both solid phases II and I.  
The N2 measurements for the second batch of the P12BF4/PVDF as well as for 
the P12FSI/PVDF and the P122i4PF6/PVDF are shown in Figure 4.3.  While it is 
apparent that the general shape of the trend line for N2 permeation through the 
P122i4PF6/PVDF composite mirrors that of CO2 across the temperature range, it does 
not appear that the same is true for either the P12FSI/PVDF or the P12BF4/PVDF 
although nitrogen permeation on those samples was difficult to measure and resulted 
in large uncertainties.  
A general trend that is evident in Figure 4.2 is that the permeation rate 
increases as the OIPCs enter more disordered phases.  The P12FSI is the exception 
among the three OIPCs presented in that its most disordered phase begins well below
room temperature.  The P12BF4 and P122i4PF6, on the other hand, are in their solid 
phases II and III at room temperature, both transitioning into their more disordered 
phases I and II around the same temperature; 65 °C in the case of the P12BF4 and 70 
°C in the case of the P122i4PF6.
On this transition, the P12BF4 and the P122i4PF6 show striking differences in 
their permeation profiles as the CO2 permeation through the P122i4PF6 gradually and 
continuously increases for the remainder of phase II.  The P12BF4, on the other hand, 
shows a sudden step increase in permeability, but the permeability within each phase 
tested shows very little change with temperature.  One hypothesis that is consistent 
with these results is that this difference in permeability is related to the change in 
diffusivity one would expect with an increase in free volume as described by 
equation 1.4.  Using this hypothesis, the respective CO2 permeation profiles through 
the P122i4PF6/PVDF and the P12BF4/PVDF composites are consistent with previous 
work.  Chen et al., for example, shows a superlinear increase in the volume of the 
unit cell of pure P122i4PF6 from 24 nm3 at 293K, just before the IV to III transition, to 
28 nm3 at 413K, just past the II to I transition (Figure 4.4).  Conductivity in the 
P122i4PF6 follows a similar pattern (Figure 4.5), though almost all of the increase in 
conductivity occurs in phase III where only a minority of the total increase in unit 
cell volume has taken place.
114
Figure 4.4: Computational model of free volume change in the P122i4PF6 system calculated by Chen et 
al 5.  The star at 123 Kelvins represents experimental data collected by Chen et al.
Figure 4.5 - (Left) The conductivity of P12BF4 is increased on formation of an OIPC/PVDF composite 
by inclusion of nanofibers 1.  (Right) Illustration of the rate of increase in conductivity in the P122i4PF6 
plastic crystal 6.
A similar trend is seen in the pure P12BF4, as shown by Iranipour et al.  Their 
work shows a stepwise increase in conductivity around the II to I transition 
accompanying a 10% increase in average free volume diameter (from 0.53 to 0.60 
nm) as measured by PALS.  A very interesting feature in the P12BF4 work is that the 
step increase in conductivity about the II to I transition occurs in the pure OIPC.  It is
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not present in the P12BF4/PVDF composite.  In the composite, the conductivity 
increase has already occurred at least 30 degrees before the phase transition (Figure 
4.5) whereas, in the case of the current work, it is only upon the II to I transition that 
the P12BF4/PVDF composite shows an increase in permeability.
One explanation for the increase in ionic conductivity in the P12BF4 sample 
after the inclusion of PVDF nanofibers is the increase in interfacial disorder as 
observed by Wang et al 7.  Given the relative size of the ions in the P12BF4 compared 
with the size of a CO2 molecule, it seems counter-intuitive that self-diffusion should 
occur more readily than CO2 diffusion in the OIPC/PVDF composite and that 
diffusion of the relatively small CO2 should only increase once the larger average 
free volume increase associated with the II to I phase transition occurs.  It might 
suggest that CO2 travels more through the bulk material than along interfaces.
In addition to showing a large increase in average free volume diameter at the
II to I phase transition, the PALS data on the P12BF4 system published by Iranipour et
al. also includes a change in average free volume diameter resulting from the 
incorporation of PVDF nanofibers.  The average free volume diameter of the pure 
P12BF4 was 0.50 nm and increased to 0.53 nm in the P12BF4/PVDF composite.  By 
comparison, CO2 has a kinetic diameter of 0.330 nm.  It is therefore likely the case 
that, even though free volume increased due to the addition of PVDF nanofibers, the 
CO2 was physically too large to make use of this additional free volume until a 
further increase in free volume was supplied during the II to I phase transition.
It is also interesting that the nitrogen permeation measurements in the 
P122i4PF6/PVDF composite show an increase with temperature that corresponds so 
well to the CO2 permeation measurements, especially across the III to II phase 
transition.  This is likely due to the gradual increase in unit cell volume that Chen et 
al calculated (Figure 4.4).  Again, as equation 1.4 from chapter 1 shows, diffusivity is
proportional to free volume, so the reduction in the energy of activation of 
permeation across the III to II transition for both gases is expected.  Finally, the 
increase in traversable volume, correlated with the increase in Langmuir surface area 
as shown by BET surface area measurements in section 4.4 is able to facilitate 
diffusion, as will be discussed later in section 4.4.
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4.3.2 Permeability Selectivity
Selectivity values for the CO2/N2 gas pair were calculated by taking the ratios
of their permeabilities across the tested temperature range (Figure 4.6).  Uncertainties
were propagated from those obtained for the initial permeability measurements.  It is 
worth noting that while the uncertainties calculated for the initial permeability 
measurements are of similar magnitude in absolute terms, they are much higher for 
nitrogen as a percentage of the measurement.  As such, the uncertainties are very 
large once they have been propagated through to selectivities.  In fact, while all 
uncertainties present a lower bound, two of the P12BF4/PVDF measurements and one 
of the P12FSI/PVDF measurements does not have an upper bound because the 
uncertainty for the measurement of nitrogen was greater than or equal to 100% of the
nitrogen measurement.
Figure 4.6: CO2/N2 selectivity as a function of temperature in the three OIPC/nanofiber systems.
More precise measurements of nitrogen permeation in these OIPC/PVDF 
composite systems will be necessary for investigating some of the interesting 
possibilities of these systems.  One example is related to the sudden increase in 
permeability in the CO2 at the II to I phase transition in the P12BF4/PVDF composite. 
The sudden increase in free volume at that transition clearly helps to facilitate that, 
but nitrogen permeability may not increase by a proportional amount across phase 
transition.  If nitrogen permeability does not increase in proportion with CO2 
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permeability increase, then this may constitute a very interesting set of circumstances
in which a temperature increase is accompanied by an increase in permeability 
selectivity enabled by a sudden increase in free volume.  This would be contrary to 
the decrease in permeability selectivity one would expect based on normal trends in 
solubility or activation energies.
In general, the trend is a consistent decrease in permeability selectivity as 
temperature increases as expected based on polymer and SILM literature 8.  
However, the specific shapes and inflections or discontinuities in the perm-selectivity
trend that may be the results of changes in the dynamics of the OIPC/PVDF at phase 
transitions are unfortunately obscured by the uncertainties in the measurement of 
nitrogen permeability.  A section in the future work addresses changes that can be 
made to the permeation equipment to enable more precise measurement of slow-
permeating gases like nitrogen so that features like this can be studied in detail in the 
future.
4.3.3 Activation Energy
The logarithms of the permeabilities of the gases through the OIPC/PVDF 
composites discussed here are linear when plotted against inverse temperature, 
meaning use of the Arrhenius relationship is suitable for determining activation 
energies of permeation, Ep, as shown in equation 1.15.  Figure 4.7 shows an 
Arrhenius plot of the permeability measurements shown in section 4.3.1 and also 
include the permeability measurements made in chapter 3.  As previously discussed, 
the transport properties of an OIPC depend heavily on phase behavior which is 
dictated primarily by temperature.  Therefore, as shown in Table 4.1, activation 
energies were calculated not only for each gas pair across different composites, but 
also for each distinct solid phase of each composite.
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Figure 4.7: Arrhenius plot of CO2 and N2 permeation data in three OIPC/PVDF composite 
membranes.  The OIPCs are referred to by their anions to save space in the legend.  
The activation energies in Table 4.1 were calculated from the Arrhenius plot 
in Figure 4.7, but it is important to note that while each composite/gas pair is 
designated a single color in Figure 4.7 for simplicity, two of the OIPCs have phase 
transitions over the temperature range tested and because of this, their activation 
energies are treated separately.  Specifically, the P12BF4 and the P122i4PF6 have phase 
transitions around 70 °C.  This means that, while the P122i4PF6/PVDF, the 
P12FSI/PVDF, and batch 1 of the P12BF4/PVDF composites have at least four points 
in each phase from which their respective activation energies can be calculated.  This
also means that the activation energies calculated for batch 2 permeation tests in the 
P12BF4/PVDF composites are based on only 2 permeation measurements per gas per 
phase.  These activation energies are noted with asterisks in Table 4.1.
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Composite Sample OIPC Phase Gas Ep (kJ/mol)
P122i4PF6/PVDF 1 III CO2 25.3
P122i4PF6/PVDF 1 III N2 37.7
P122i4PF6/PVDF 1 II CO2 13.6
P122i4PF6/PVDF 1 II N2 25.4
P12BF4/PVDF 1 II CO2 9.0
P12BF4/PVDF 1 I CO2 -----
P12BF4/PVDF 2 II CO2 8*
P12BF4/PVDF 2 II N2 20*
P12BF4/PVDF 2 I CO2 1*
P12BF4/PVDF 2 I N2 41*
P12FSI/PVDF 1 I CO2 3.6
P12FSI/PVDF 1 I N2 33.9
Table 4.1: Energies of activation of permeation for the tested OIPC/PVDF composite membranes.  An 
asterisk in the Ep column indicates that the activation energy is based on two data points.  Hyphens 
are used to replace entries that were calculated as negative numbers.
The decrease in permeability selectivity observed in each of the OIPC/PVDF 
composites tested can be explained through the activation energies of permeation 
which are consistently higher for nitrogen than for CO2 in the same composite and 
the same phase.  This trend was trend was also measured in imidazolium acetate 
based SILMs 9 and relates back to Henry's law measurements showing that gas 
solubility in ionic liquids decreases as temperature increases and this is again 
consistent with the generally exothermic process of dissolving a gas in a liquid at low
concentration.  The consequence is that for each of the materials tested, nitrogen 
permeability is consistently more sensitive to changes in temperature than CO2 and, 
consequently, that CO2/N2 selectivity is also sensitive to increases in temperature.
Activation energy also varies between phases within the same OIPC/PVDF 
composite material.  The P122i4PF6/PVDF composite shows differences in activation 
energy for CO2 and N2 of approximately 12 kJ/mol for both gases (Table 4.1).
The CO2 results for the P12BF4/PVDF composites seem to indicate that the 
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material was induced to flow under temperature and pressure in the same way as 
discussed in the context of the P122i4PF6/PVDF composite from chapter 3.  Comparing
the activation energies for CO2 between the two batches of the P12BF4/PVDF 
composite, the numbers are in good agreement in phase II, differing by less than 3%. 
Phase I activation energies between the two batches differ by an absolute difference 
of nearly 2 kJ/mol and causing the already marginal activation energy for CO2 
permeation in phase I to become slightly negative (negative activation energies are 
represented in Table 4.1 as hyphens).  This is likely due to experimental conditions as
the batch 1 composite was under elevated temperature and pressure for a longer total 
duration than the batch 2 composite and was tested from 1 to 5 bar at 1 bar 
increments whereas the batch 2 composite was tested from 1 to 3 bar at 0.5 bar 
increments after it became clear from the P122i4PF6/PVDF results that extrusion is 
possible under high temperature and pressure in these almost entirely porous 
OIPC/PVDF composites.  Nevertheless, comparing the results in phases I and II of 
the P12BF4/PVDF composite, the results obtained in the more ordered phase II were 
very similar between the two tests and the permeation results in Figure 4.2 are 
virtually identical, in absolute terms, between the two batches.
The P12FSI/PVDF composite shows the largest difference in activation energy
of all between the two gases tested, showing that nitrogen permeation is roughly 10x 
more sensitive to changes in temperature than CO2.  This means that CO2/N2 
selectivity will approach unity as the temperature increases, but it has interesting 
implications for lower temperature separations.  The P12FSI plastic crystal has a very 
large phase I temperature range going from -22 °C to 205 °C with the permeation 
properties hypothesized to remain consistent.  On this basis, the experimental 
permeability trend is extrapolated a little on the basis of the results obtained over the 
60 °C temperature range tested thus far.  Table 4.2 shows the results of such an 
extrapolation showing that the P12FSI/PVDF composite system has potential for very 
high selectivities at lower temperatures and should be investigated further under such
conditions.
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Temp (1000/K) Selectivity
-25 4.032 58 0.014 4194
-5 3.731 66 0.047 1405
15 3.472 74 0.135 548
35 3.247 82 0.338 241
55 3.049 89 0.757 118
75 2.874 96 1.547 62
95 2.717 103 2.925 35
115 2.577 110 5.179 21
135 2.451 116 8.670 13
155 2.336 122 13.831 9
175 2.232 128 21.165 6
195 2.137 133 31.230 4
Temp (oC) CO2 Barrer N2 Barrer
Table 4.2: Table of extrapolated permeation and selectivity values for P12FSI/PVDF in phase I.  Blue 
highlighting indicates experimental values.  Values above 95 and below 35 degrees are calculated by 
extrapolating experimental activation energies to the upper and lower temperature bounds of phase I 
of the P12FSI OIPC and are used here to indicate the potential utility in performing experiments at 
temperatures lower than room temperature.
4.3.4 Comparison With Similar Membranes
It is well established that solubility selectivity for the CO2/N2 gas pair has an 
inverse relationship with temperature.  In 2010, Rowe et al discussed the influence of
temperature on Robeson's upper bound, finding that decreases in temperature had the
effect of shifting the upper bound upward toward higher selectivities by an amount 
largely influenced by the sizes and condensibilities of the gases under examination 8. 
The converse is also true, as Liang et al showed in 2014 when they tested composite 
ionic liquid polymer membranes (CILPMs) over a range of temperatures and IL 
compositions 10.  Their polyimide and polybenzimidazole membranes suffered from 
low permeability ( at or below 10 Barrer ) at room temperature even when loaded 
with [bmim][tfsi].  It was found that raising the temperature to 200 °C resulted in 
marked increases in permeability, but CO2/N2 selectivity was reduced to a factor of 4 
for the polyimide and all of its IL compositions.  While the idea of temperature-
modulated permeability selectivity is well established, Rowe et al 8 show a selectivity
increase of around 6x going from 300 Kelvins to 250, the extrapolated permeation 
numbers in Table 4.2 suggest that a larger increase in solubility is possible for the 
P12FSI/PVDF system.
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Figure 4.8 - Movement across the Robeson plot for each OIPC/nanofiber system as a function of 
temperature.  Adapted from 11.
Supported ionic liquid membranes are attractive as gas separation media for 
several reasons that were discussed in chapter 1.  They tend to have high solubility 
selectivities, as liquids they have very high diffusivities, and they have negligible 
volatility, owing to the ionic interactions intrinsic to the material.  The resulting 
combination of permeabilities and permeability selectivities place them among state-
of-the-art materials in terms of performance, even when compared with TR-polymers
and PIMs.  Unfortunately, their application is restricted as they are mechanically 
displaced at relatively low transmembrane pressures.  
In terms of chemical similarity, OIPCs are tested in this work with the aim of 
preserving the permeability selectivity while improving on the physical properties 
and enabling application over a wider range of transmembrane pressures compared 
with supported ionic liquid membranes.  As such, the OIPC/PVDF composite 
membranes tested are able to achieve similar selectivities when compared with 
supported ionic liquid membranes and polyRTILs (Figure 4.8).  For example, the 
neat RTIL-based SILMs shown in Figure 4.8, making use of the n-ethyl-n-
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methylimidazolium cation, achieve selecitivities of 20 to 60 for CO2/N2 while 
permitting CO2 permeabilities as high as 1000 Barrer.  By comparison, the P122i4PF6 
and P12BF4 based composites perform in the 20-30x selectivity range while the 
P12FSI based composite shows selectivities in excess of this.  
While physical displacement due to an elevated transmembrane pressure was 
observed in the P122i4PF6/PVDF composite, this displacement occurred in an almost 
entirely porous composite and only after routine treatment at higher pressures than 
are typically even attempted in many supported ionic liquid membrane systems.  
Thus, while OIPC/PVDF composites show promise in this regard, this has come at a 
cost to permeability, with the OIPC/PVDF composites tested here showing a 
decrease in permeability of more than an order of magnitude compared with SILMs.
There are many other materials in the literature consisting primarily of ionic 
constituents for the purpose of of achieving SILM-like permeation properties, but 
with more resistance to mechanical displacement in applications involving elevated 
transmembrane pressures.  Some of these include polymerized ionic liquids, resulting
in a much more mechanically robust membrane with SILM-like permeability 
selectivities for the CO2/N2 gas pair, but at a steep cost to diffusivity.  In related work,
Tomé et al 12 showed that the permeability of a polyRTIL can be increased in 
proportion to the amount of ionic liquid suspended in it with negligible impact on 
permeability selectivity, though the experiments were all conducted under a 
transmembrane pressure of 100 kPa.
Another category, the composite ionic liquid polymer membrane or CILPM is
formed by co-casting the polymer and with an ionic liquid.  This has the result of 
immobilizing the ionic liquid component between the polymer chain segments as 
they polymerize.  This also greatly improves mechanical properties, but at an even 
greater cost to diffusivity than with polyRTILs, showing single-digit CO2 
permeabilities at room temperature.  As discussed previously, the authors of the 
CILPM paper showed that their composites could be operated at temperatures as 
high as 200 °C and would achieve higher permeabilities at those elevated 
temperatures.  The observed increases in permeability came with proportional 
decreases in permeability selectivity, following the well-known "upper bound" trade 
off first described by Robeson in 1991.
Physically gelled RTILs are another attempt at preserving SILM-like 
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transport properties, but in a more mechanically robust presentation.  By adding a 
low molecular weight organic gellator, the physical properties of an ionic liquid can 
be improved somewhat, but also with a smaller cost to permeability compared with 
polymerized RTILs or CILPMs.
The trend across these examples and the current work represents a trade-off 
between physical robustness and permeability with CILPMs < polyRTIL/PIL < 
OIPC/PVDF < gelled RTILs < SILMs in order of permeability and the opposite order
for physical robustness.  This puts OIPC-based membranes in an interesting position 
in the sense that they are sensitive to impurities and can become more disordered, 
increasing mobility.  This is often seen as increases in conductivity of an OIPC in 
response to the incorporation of nanofibers or the addition of a lithium salt or 
proximity to an interface.  So this introduces an opportunity for the strategic use of 
additives for the purpose of intentionally trading physical robustness for diffusivity.
4.4 BET Surface Area Characterization
Much of the popularity of glassy polymers for gas separation stems from their
excess free volume compared with rubbery polymers, as discussed in chapter 1.  This
excess free volume is correlated with both increases in permeability (via diffusivity, 
according to equation 1.4) and increases in selectivity.  Recent work by Dong and 
Lee 13 adds to this correlation by showing that permeability is also correlated with 
BET surface area.  This makes sense as it should correlate with Langmuir sorption 
via the Langmuir hole capacity, C'H, described by equations 1.18 and 1.19, and favor 
the solubility of more condensible gases like CO2 over that of nitrogen.
As dense materials, OIPCs were not expected to have BET surface areas as 
high as glassy polymers, but ionic liquid fractional free volume - as a surrogate for 
OICP fractional free volume - has been measured and is known to be smaller than 
many glassy polymers.  For example, TR polymers and the polyimides from which 
they were derived have fractional free volumes of around 20-26% and 12-15%, 
respectively 14.  This is compared with a fractional free volume of 11% for the ionic 
liquid [bmim][NTf2] 15 - that of a typical OIPC will likely be lower due to the 
increased order associated with being in a solid phase.
Preliminary BET surface areas were measured here for the P122i4PF6, P12BF4, 
and P12FSI OIPCs.  BET surface areas are typically measured at cryogenic 
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temperatures, but as OIPC behavior varies depending on phase, these OIPCs were 
measured at 35 and 55 °C which gives two data points in phase III for P122i4PF6, 
phase II for P12BF4, and phase I for P12FSI.  Measurements were taken under both 
CO2 and N2 which yielded very similar results despite CO2 being such a condensible 
gas and therefore being more likely to deviate from the assumed monolayer 
formation that enables surface area calculation.  Experiments were performed by 
incrementally injecting the gas and measuring the change in head pressure as 
equilibrium was reached.  This was done step-wise up to a pressure of 900 mmHg 
with a saturation pressure of 760 mmHg.
The resulting BET surface areas, plotted in Figure 4.9, fall near the trend line 
established for the TR polymers and PIMs although the BET surface areas for the 
OIPCs is quite low by comparison.  The inclusion of nanoporous cage structures like 
mofs and zeolites is discussed in the future work section as it would be very 
interesting to see the direction of travel along the axes in Figure 4.9 in response to 
taking deliberate steps to increase BET surface area.  Further characterization using 
the BET technique on OIPCs and their composites will include testing under a range 
of temperatures representing each solid phase in addition to the aforementioned work
incorporating cage structures.
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Figure 4.9: Permeability vs BET surface area for TR polymers and PIMs (blue, red, and yellow 
triangles) and the P122i4PF6, P12BF4, and P12FSI OIPCs (black and gray circles).  The graph is adapted 
from 13.
4.5 Detection of CO2 in the OIPCs
IR experiments were performed on the pure P12BF4 and P12FSI OIPCs in an 
attempt to observe the effects of changes in temperature or exposure to CO2.  
Variable temperature measurements on the P12BF4 were done over the temperature 
range from 25 °C to 95 °C in 10 °C increments.  Measurements on the P12FSI were 
only done at room temperature.  Measurements were also done on both the P12BF4 
and the P12FSI with and without CO2 and were also performed on a sample of each 
that had been left on the bench top overnight in air to assess the effects of doing IR 
experiments in air.  
Peak assignments were made for both the P12BF4 and the P12FSI, shown in 
tables 4.3 and 4.4, respectively.  As the two OIPCs share a cation, it was possible to 
distinguish between the anion and cation peaks by comparing the two spectra.  
Assignments of vibrational modes are based on literature values 1,16.
As was the case with the P122i4PF6 in the previous chapter, the P12BF4 IR 
spectrum shows a response to the change in phase with temperature with multiple 
peaks shifting and broadening in response to the II to I phase transition.  These 
changes in peak shapes and positions include a broadening of the B-F stretching peak
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at 765 cm-1 (Figure 4.11), a sharpening of the C-H peak at 810 cm-1 corresponding 
with out-of-plane deformation (Figure 4.12), and slight red-shifting of peaks at 937 
(Figure 4.13) and 1406 cm-1 (Figure 4.14) associated with stretching of the ethyl 
substitution and the terminal methyl groups on the cation.  This shifting and 
broadening of peaks associated with both the anion and the cation with the II to I 
phase transition resemble an NMR study done by Iranipour et al which showed by 
19F and 1H NMR that the dynamics of both the anion and the cation increased across 
the II to I transition 1.  Interestingly, the same NMR results as well as conductivity 
results on the same material show that the addition of PVDF nanofibers has the dual 
effects of increasing mobility of the cation in phase II, but also of restricting the 
mobility of the cation relative to the pure OIPC in phase I.
Exposure to CO2, interestingly, had almost no measurable effects at all on 
either the P12BF4 or the P12FSI.  There was only a single peak corresponding to the 
FSI anion that shifted by a few wave numbers in response to the introduction of CO2 
(Figure 4.15).  None of the existing peaks on the P12BF4 changed at all in response to 
CO2.  There was, however, a peak that emerged at 2342 cm-1 in the P12BF4 spectrum 
after exposure to CO2 at high pressure (Figure 4.10).
The National Institute of Standards and Technology (NIST) spectrum for 
gaseous CO2 shows 7 strong absorption frequencies with the strongest manifesting as
opacity from 2307 to 2381 cm-1.  The peak detected in this work at 2342 cm-1 is right 
in the center of that absorption band.  Additionally, work in ionic liquid literature 
using high-pressure CO2 places the dissolved CO2 peak at 2336 cm-1 for [bmim][Ac],
2340 cm-1 for [bmim][PF6], and 2342 cm-1 for [emim][NTf2] 17 18 19 which are all 
within just a few wave numbers of the peak observed in this experiment, making it 
reasonable to conclude that dissolved CO2 has been observed.  Due to the weak 
signal, future work should include experiments under higher pressure conditions such
as those published in the IL papers.
The IR results on the P12BF4 and P12FSI systems differ from the P122i4PF6 
system in their lack of response to the introduction of CO2.  Though, between the 
three systems, a commonality is that the anion never shows much of an increase or 
change in dynamics in response to the presence of CO2 with the cation primarily 
displaying the changes.  Comparing the three OIPC systems, the P122i4PF6 has a 
tetraalkylphosphonium cation compared with the P12BF4 and the P12FSI which both 
have the same dialkyl substituted pyrrolidinium ring for a cation.
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Frequency cm-1 Ion Assignment Strength Ref
520 BF4 δ(BF4) s 16
584 w
708 w
764 BF4 vs(BF4) w 161
809 P12 γ(CH) m 1
878 P12 m
904 P12 w
913 P12 w
937 P12 v(C-C)Et m 1
995 P12 m
1025 BF4 vas(F2) vs 16
1044 P12 δ(ring) w 1
1096 P12 δrock(CH3) + δrock(CH) m 1
1284 BF4 v(BF) m 1
1405 P12 δs(CH3)Et + δwag(CH2) m 1
1435 P12 δs(CH3) w 1
1457 P12 δ(CH2) w 1
1471 P12 δas(CH3)Me m 1
2901 P12 v(C-H) w
2958 P12 v(C-H) w
2987 P12 v(C-H) w
3046 P12 v(C-H) w
3555 P12 w
3633 P12 w
Table 4.3: IR peak positions, assignments, and vibrational modes for pure P12BF4.  Vibrational modes 
are designated δ - bending, γ - out of plane, v - stretching, r - rocking, t - twisting, w - wagging, s - 
scissoring, sym - symmetrical, and asym - asymmetrical following the convention in 20. Peak strengths
are w < 10%, m < 30%, s < 50%, and vs <= 100% absorption.
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Frequency cm-1 Ion Assignment Strength Ref
454 FSI δsci(SOF) + δ(OSNSO) s 16
480 FSI δsci(SOF) + δop(SO2F) s 16
523 FSI δsci(SO2) + v(SF) m 16
562 FSI δip(O2SNSO2) + v(SF) + δip(SO2F) vs 16
639 FSI w
721 FSI δsci(SO2) + v(SF) + δsci(SNS) vs 16
809 P12 γ(CH) w 1
825 FSI v(SF) + ρ(SO2) + vs(SNS) vs 16
875 P12 w
908 P12 w
935 P12 v(C-C)Et m 1
997 P12 m
1032 FSI m
1049 P12 δ(ring) w 1
1098 P12 δrock(CH3) + δrock(CH) vs 1
1169 FSI vs
1217 FSI vs(SO2) s 16
1260 FSI w
1305 FSI w
1359 FSI vas(SO2) vs 16
1376 FSI vas(SO2) vs 16
1405 P12 δs(CH3)Et + δwag(CH2) w 1
1430 P12 δ(CH3) w 1
1468 P12 δas(CH3)Me m 1
1556 w
1626 w
1735 w
1825 w
1928 w
2326 w
2469 w
2538 w
2594 w
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2854 FSI w
2901 P12 v(C-H) w
2926 FSI w
2961 P12 v(C-H) w
2992 P12 v(C-H) w
3047 P12 v(C-H) w
3564 P12 w
3634 P12 w
Table 4.4: IR peak positions, assignments, and vibrational modes for pure P12FSI.  Vibrational modes 
are designated δ - bending, γ - out of plane, v - stretching, r - rocking, t - twisting, w - wagging, s - 
scissoring, sym - symmetrical, and asym - asymmetrical following the convention in 20. Peak strengths
are w < 10%, m < 30%, s < 50%, and vs <= 100% absorption.
Figure 4.10: IR spectrum of dissolved CO2 in P12BF4 after being kept under an atmosphere of air, CO2,
and 10 atmospheres of CO2 overnight.  These measurements were taken at room temperature.  P12BF4 
is in phase II at room temperature.
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Figure 4.11: IR spectrum of P12BF4 over a range of temperatures from 25 to 95 °C.  This peak at 765 
cm-1 corresponds to the B-F stretching on the anion and it can be seen that the peak becomes broader 
as temperature is increased.  A sudden increase in broadness occurs at the II to I phase transition 
temperature.
Figure 4.12: IR spectrum of P12BF4 over a range of temperatures from 25 to 95 °C.  The peak at 810 
cm-1 corresponds to out-of-plane deformation of the pyrrolidinium ring and slightly sharpens in the 
transition from phase II to I.  The unidentified peak at 877 cm-1, however, shows changes occurring 
about 20 degrees in advance of the II to I transition.
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Figure 4.13: IR spectrum of P12BF4 over a range of temperatures from 25 to 95 °C.  The peak at 937 
cm-1 is associated with ethyl group on the cation and slowly red-shifts as temperature increases.
Figure 4.14: IR spectrum of P12BF4 over a range of temperatures from 25 to 95 °C.  The peak at 1406 
cm-1 corresponds to the ethyl and methyl groups on the cation and gradually red-shifts as temperature 
increases.
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Figure 4.15:  IR spectrum of P12FSI as a function of exposure to atmosphere, CO2, and 10 atmospheres
of CO2.  The unidentified peak at 1740 cm-1 is the only peak in the P12FSI spectrum to respond to the 
presence of CO2.
4.6 Conclusion
Two new OIPC/PVDF composites were tested, the P12BF4/PVDF and the 
P12FSI/PVDF, in addition to the P122i4PF6/PVDF composite from the previous chapter.
Permeation tests showed interesting phase behavior between the 
P12BF4/PVDF and the P122i4PF6/PVDF relating to changes in free volume associated 
with the II to I phase transition in the P12BF4 and the III to II phase transition in the 
P122i4PF6.  Subsequent changes in permeation mirrored the changes in free volume 
calculated by Chen et al. 5 (Figure 4.4), showing only a very small net increase in 
permeability in the P12BF4/PVDF permeation tests, but a larger and more steady 
increase in permeability for the P122i4PF6/PVDF composite, mirroring the free volume
increase calculated for the P122i4PF6 OIPC over phases III and II.
The P12FSI/PVDF result indicates, through its large difference in activation 
energy between the CO2 and N2, coupled with a very low temperature II to I phase 
transition, that very high permeability selectivities might be achievable toward the 
lower temperatures in phase I.  Future permeation testing should therefore explore 
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more of the low end of the phase I temperature range for the P12FSI/PVDF 
composite.
Comparison with ionic materials similar to those tested in the present work 
shows a very similar permeability selectivity, but also highlights an interesting 
relationship that is preserved across all samples showing that there is an inverse 
relationship between physical robustness and diffusivity for these dense materials.  
Additional work correlating BET surface area shows that permeability is tightly 
linked with internal surface area and that, while this relationship was developed in 
the context of polymer membranes, it may also hold for OIPC-based composites, 
meaning that the introduction of nano-cage structures like metal organic frameworks 
(mofs) or zeolites may have the dual effects of increasing internal surface area and 
increasing defects which may cooperatively increase permeability in these already 
highly selective materials.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
The major goal of this research was to determine whether organic ionic 
plastic crystals could be made into selective membranes for the purpose of separating
CO2 from N2.  It was thought that this would be the case because, as discussed in the 
literature review, ionic liquids have been shown to have a high solubility-selectivity 
for CO2 over N2 and supported ionic liquid membranes have also exhibited selective 
permeability for CO2 over N2.  To test the permeability selectivity of an OIPC-based 
membrane, three OIPCs - P122i4PF6, P12BF4, and P12FSI - were solvent cast into PVDF
nanofiber supports and tested for their CO2 and N2 permeabilities on a single-gas 
time-lag apparatus.  The results showed that OIPC-based membranes demonstrate 
permeability selectivities on a par with supported ionic liquid membranes on the 
basis of single-gas permeation experiments.  Specifically, permeability selectivities 
of 30 for the P122i4PF6/PVDF composite, 100 +/- 70 for the P12BF4/PVDF composite, 
and 240 +/- 100 for the P12FSI/PVDF composite were calculated for the CO2/N2 gas 
pair at 35 °C.  Wide uncertainties were calculated for the selectivities of the 
P12BF4/PVDF and P12FSI/PVDF composites on account of low nitrogen permeation 
rates.  Suggestions for reducing uncertainty ranges and improving equipment are 
discussed in the Future Work.
In addition to selective permeation, it was shown that the OIPC/PVDF 
composites tested are also more physically robust than supported liquid membranes, 
supported ionic liquid membranes, and physically gelled RTIL membranes, 
sustaining transmembrane pressures of several bar during normal testing.  Behavior 
at high temperature and pressure were also tested, showing that the OIPC component
of an OIPC/PVDF composite can still be displaced.  Even so, since such a small 
amount of confinement is provided for the OIPC component by the nanofiber 
support, this result is still encouraging as it suggests that different supports should 
provide even better physical robustness.
A selection of instrumental techniques was used to probe the OIPCs for 
evidence of dissolved CO2.  DSC showed that P122i4PF6 solid-solid phase transition 
entropies were reduced after the incorporation of PVDF nanofibers and also after 
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exposure to CO2.  1H NMR on P122i4PF6 also showed that an increase in the mobile 
component of the OIPC occurred both after the introduction of PVDF nanofibers and
after exposure of the composite to CO2.  IR spectroscopy showed that peaks 
associated with the cation were responsive to exposure to CO2, but that peaks 
associated with the anion were unresponsive.  IR spectroscopy was also used with 
P12BF4 and P12FSI and while changes in the P12BF4 spectrum were seen in response to
changes in temperature and in response to the transition from solid phase II to phase 
I, there was no apparent change in either the P12BF4 or the P12FSI in response to 
exposure to CO2 at either ambient pressure or at 10 Bar.  Based on the responsiveness
of the P122i4PF6, it would be very interesting to repeat these IR experiments on an 
instrument with a variable temperature, pressurizable chamber that would allow 
probing at different pressures and in different solid phases.  Performing NMR 
experiments at variable temperatures and pressures would also be valuable for the 
same reasons.
5.2 Future Work
5.2.1 Upgrading of Gas Permeation Equipment
The equipment developed in this work has a non-negligible leak rate.  This is 
evident in the permeation results for nitrogen and has made it necessary to develop 
complicated and time-consuming data analysis procedures and experimental 
protocols.  In addition, it has not been possible to measure time-lag coefficients 
which are necessary for determining diffusivity and solubility on the basis of 
solution-diffusion theory.  Determination of these parameters is common practice in 
the field of membrane-based gas separation and should be possible on time-lag gas 
permeation equipment.
There are several recommendations which can help to reduce the problem of 
leakage in the existing equipment.  For example, reducing the number of joints to the
extent possible by replacing volumes with coils of tubing or by welding.  Any 
remaining joints, aside from those connecting the membrane holder to the system, 
should be VCR(R) metal gasket fittings.  The membrane holder also needs to be 
replaced - preferably with the oft used XX4404700 membrane holder from MilliPore
mentioned in section 3.2 in chapter 3.  The XX4404700, as mentioned in chapter 3, is
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well-tested and would prevent some of the leakage related issues with the current 
membrane holder.
A further improvement to the existing equipment would involve adding a 
valve that would enable the experimenter to select an appropriate permeate tank and 
pressure transducer on a per-experiment basis.  Specifically, slower-permeating gases
could be directed into a smaller permeate volume outfitted with a higher precision, 
lower range pressure transducer while faster-permeating gases could be directed into 
a larger permeate volume outfitted with a lower precision, higher range pressure 
transducer.  This would effectively improve the signal to noise ratio of the pressure 
transducer on the permeate tank and allow for more rapid testing of slow permeating 
gases like nitrogen.  Combined with the aforementioned upgrades to reduce gas 
exchange with the environment, a large time saving would be realized by being able 
to get reliable results with fewer and shorter experiments.
5.2.2 Solubility Equipment
Measuring gas solubility in a membrane is an important part of determining 
the thermodynamics of gas transport.  This is commonly done in two ways.  One way
starts with the measurement of the x-intercept of the steady-state permeation curve 
(equation 1.9) and this will be possible with the permeation equipment upgrades 
proposed in section 5.2.1.  The second way to determine gas solubility is to directly 
observe it via either a pressure-drop or gravimetric method.  Either of these could be 
used in-house, but the pressure-drop method, which makes use of pressure 
transducers and precisely measured volumes, would be easier to build.  Figure 5.1 
shows an outline of a possible pressure-drop solubility system that would function 
for both gas permeation and solubility measurement (Figure 5.2).  Figure 5.3 shows 
the modes of operation.
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Figure 5.1: Diagram for permeation/solubility measuring equipment.  This design uses few joints to 
reduce the chances of leakage.  The green and blue squares are 2-way and 3-way valves.  The safety 
blowoff valve is moved outside the heated cabinet (the large grey square housing part of the circuit) 
and the pressure transducer, P1, is shared between the feed and permeate sides of the membrane.  T1 is 
a thermocouple.  The configuration shown includes the permeation cell which can be changed for a 
variable sized volume for performing solubility measurements.
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Figure 5.2: Conceptual diagram for equipment that can be used for either permeation or solubility 
measurements.  This design reduces the number of joints in the active circuit by moving valves and 
safety blow-off valves out of the incubator.
Figure 5.3: Operational modes of the equipment in Figure 5.2 in both permeation and solubility 
modes.  In these images, P1 represents a pressure transducer and T1 represents a thermocouple.  The 
gas circuit is segmented by seven valves shaded in grey when open and red when closed.
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5.2.3 High Pressure IR and NMR Experiments
In the current work, equipment for doing IR and NMR experiments under 
controlled conditions was limited and equipment for doing those experiments at 
elevated pressures was unavailable.  There is precedent in the ionic liquid literature, 
discussed in section 3.6.2 in chapter 3, for performing IR under elevated pressure and
the pure P122i4PF6 studied in chapter 3 shows that the cation reacts to the presence of 
CO2 even at low partial pressures.
Although the influence of CO2 at ambient pressure was not observed in the 
P12BF4 or the P12FSI plastic crystals by vibrational spectroscopy, the effects of CO2 
exposure may be more evident at higher pressures.  The goal is to perform tests under
elevated pressures under both CO2 and N2 that would enable both direct detection of 
dissolved CO2 by IR and indirect detection of the presence of CO2 through changes 
in spectral features compared with the pure OIPC.
Similarly, NMR experiments thus far performed on the P122i4PF6 plastic 
crystal in the presence of CO2, Ar, and N2 have shown measurable effects on the 
plastic crystal consistent with disordering as a result of exposure of the OIPC to CO2 
and argon.  Direct measurements of CO2, however, are inconclusive in the sense that 
CO2 dissolved into the plastic crystal has not been unambiguously observed.  Further 
measurements involving CO2 under elevated pressure in the P122i4PF6, the P12BF4, and
the P12FSI, in conjunction with IR measurements under elevated pressure should aid 
in understanding the dynamics of these systems and help to guide future work.  High 
pressure NMR experiments of this type have been done before 1,2 and have been used
specifically for characterizing CO2 solution behavior in ionic liquids 3,4.
5.2.4 Refrigerated Gas Permeation Experiments
The gas permeation circuit is currently housed inside a heated cabinet which 
has an experimental temperature range from RT+5 °C to 100 °C.  Because of 
seasonal variation in the laboratory temperature, the lowest the permeation 
equipment is typically run is 35 °C to keep experiments consistent year-round.  This 
puts some interesting experiments outside of the experimental temperature range of 
what can currently be performed.  For example, the P122i4PF6 has a particularly 
energetic phase transition from phase IV to III that occurs around 20 °C.  It would be
very interesting to characterize a P122i4PF6/PVDF composite at that temperature and at
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least one other temperature in phase IV to be able to calculate permeabilities and 
activation energies in a much less disordered phase.
Another immediately interesting system to revisit in the short term would be 
the P12FSI/PVDF for the purpose of performing permeability measurements and 
calculating selectivities at lower phase I temperatures to determine whether the 
selectivities estimated in chapter 4 are accurate.  The first step toward that would be 
to repeat the nitrogen measurement on the P12FSI/PVDF composite after the 
permeation equipment is upgraded.
In order to enable low temperature permeation measurements, an external 
cooler could be retrofitted to the incubator in the same way the current valves and 
plumbing were installed.  A simple example might involve an ice bath with a 
peristaltic pump to pump the ice water through the wall of the incubator and through 
a coil of copper tubing acting as a heat exchanger before going back out to the ice 
bath.  This should provide a simple way of probing temperatures up to 30 °C cooler 
than what is currently possible with the existing equipment.  While being cooled, the 
incubator would be powered off and the temperature would be measured by a 
thermocouple going through the wall of the incubator (which is already how 
temperature is reported to the data acquisition unit).
5.2.5 Additives and Functionalized Polymers
In this work, the gas permeation and ideal separation performance of three 
OIPC/PVDF composites were reported.  That is to say work on gas permeation in 
OIPC-based membranes has been limited to the use of PVDF nanofibers as a 
supporting material and that other types of support and additives have not yet been 
published.  Work on interfaces in OIPC systems, discussed in chapters 1, 3, and 4 has
shown that improvements in diffusion performance can occur in the vicinity of these 
interfaces where the level of disorder is increased compared to the bulk phase.  
Future work should include investigation into the influence these interfaces have on 
gas transport.  If selectivity is an intrinsic material property (as suggested by the 
consistency in permeability selectivity across materials of similar chemistry reported 
in chapter 4), then increases in disorder may improve diffusivity, and therefore 
permeability, without adversely impacting permeability selectivity.
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For this investigation, a study of the effects of interfaces on gas transport 
properties in OIPC-based membranes could start with an experimental design similar
to that used by Wang et al. in which the effects of proximity to an interface on ionic 
conductivity in an OIPC-based membrane was studied 5.  Specifically, multiple 
membranes would be made representing a range of compositions of OIPC and PVDF
powder: 10 wt% OIPC, 90 wt% PVDF powder; 20 wt% OIPC, 80 wt% PVDF 
powder; 30 wt% OIPC, 70 wt% PVDF powder; and so on.  CO2 permeation and 
CO2/N2 permeability selectivity would be obtained for each of these compositions at 
35 °C so the results would be comparable with permeability measurements reported 
in this thesis.  The most permeable of the tested composites would be subject to 
further study by high pressure NMR and high pressure vibrational spectroscopy and 
compared with the pure OIPC (which would also have been studied by high pressure 
NMR and high pressure vibrational spectroscopy).  The results from such 
experiments would help to understand the disordering that occurs in an OIPC at 
different distances from the interface.
This work focused on determining the gas permeation properties of pure 
OIPCs supported in PVDF nanofibers.  The supports, in this case, were only present 
for the purpose of providing support and enhancing flexibility.  Future work should 
look into the effects of different functionalized polymers including co-spun 
nanofibers.  An additional aspect of the introduction of co-electrospun nanofibers is 
the study of the effect that has on the way the interface is formed between the OIPC 
and the co-spun OIPC/nanofiber support.  For example, how does the degree of 
interaction between the OIPC and a support or additive influence the number and 
distribution of defects in the vicinity of the interface?
The relationship between BET surface area and permeability was briefly 
discussed in chapter 4.  This relationship appears to be robust in glassy polymers, 
which tend to have BET surface areas on the order of 100-1000 m2/g , 6 , whereas the
BET surface areas measured for the three OIPCs evaluated in this thesis are closer to 
10 m2/g as shown in section 4.4 in chapter 4.  Nevertheless, it is worth testing the 
effects of the addition of nano-structured materials in OIPCs for the purpose of 
increasing BET surface area.
Zeolites, metal organic frameworks (mofs), covalent organic frameworks 
(cofs), zeolitic imidazolate frameworks (zifs), porous organic polymers (pops), and 
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single- and multi-walled carbon nanotubes are examples of nano-structured materials
that have demonstrated gas selectivity and could potentially be used to enhance 
surface area inside of a membrane 7–20.  Some of these treatments have been used in 
mixed matrix membranes 20,21.  While there are sometimes issues with phase 
separation between the membrane and the nano-structured additive, these additives 
can be modified with functional groups to improve their solubility in the membrane 
and achieve a more homogeneous distribution 22.  Such a treatment would likely be 
necessary to improve solubility with OIPCs.
In terms of functionalization of polymers, dendrimers could be more further 
explored.  The limited work that has been published on the effects of adding 
dendrimers to P12BF4, one of the OIPCs tested in chapter 4, has shown that just 
adding a dendrimer has a negligible impact on conductivity.  The same system with 
10 mol% LiBF4, however, clearly benefited from the presence of the dendrimer 23.  
The dendrimer was found to be both homogeneously distributed and to contribute to 
disorder in the vicinity of interfaces, which is similar to what Wang et al reported 
with the introduction of PVDF powder 24.  Introduction of dendrimers would also 
allow for further study of the dynamics along hetero-material interfaces in OIPC 
composites.  Dendrimers with a variety of terminal functionalities could be tested - 
primarily for compatibility with the OIPC and then for the effect they have on gas 
transport properties.  Terminal functional groups like alcohols and ethers could 
provide weak interaction while primary or secondary amine functionality could 
provide stronger or even covalent interaction.  One very interesting outcome of 
amine functionality would be to see whether facilitated transport can occur as it can 
in supported liquid membranes.
On a final note, as the addition of lithium salts is known to enhance 
conductivity in OIPCs, a similar thing would be interesting to try with regard to gas 
permeation.  In this case, the use of lithium salts would not be appropriate as the 
formation of lithium carbonates would occur.  The presence of CO2 and other 
reactive gases in a separation process would limit the selection of suitable cations.
5.2.6 OIPC Chemistry and Phase Behavior
Discovering relationships between structural characteristics of an OIPC and 
properties such as gas solubility and permeability is important as it would allow us to
pare down the space of potential materials to focus on the most promising ones for a 
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given application.  For example, in pyrrolidinium bis(trifluoromethylsulfonyl)imides 
25, it was shown that melting point decreases as the alkyl chain length on the 
pyrrolidinium was increased and this relationship held while alkyl chain length was 
less than five carbons.  In ionic liquid literature, the anion is often cited as being 
more important in solvating gases while the cation is more important for influencing 
free volume, but such a study of gas solubility in OIPCs has not been published.
Putting together a table of cations and anions might reveal whether some of 
the patterns seen in ionic liquids involving the relationship between free volume and 
gas solubility holds for OIPCs as well.  One step toward that is to look at cyano-
functionalized anions.  In this thesis, the anions tested are all fluorinated with two of 
them being "globular".  In ionic liquid literature, anions with cyano functionality can 
vary greatly in their solubility and permeability performance with dicyanamides 
typically performing below tetrafluoroborates and hexafluorophosphates, but with 
the tetracyanoborate being one of the best of all.  Future work in this vein might 
involve a series of cyano-functional anions paired with a pyrrolidinium cation with 
alkyl chain lengths selected to yield desirable phase behavior.  So, for example, 
starting with a cyanate or a thiocyanate, then moving to a dicyanamide, then a 
tricyanomethanide, before finally testing a tetracyanoborate to see if the trends from 
ionic liquid gas solubility literature hold true in OIPCs as well.
Another avenue is to look into OIPCs with low-temperature II to I phase 
transitions like the P12FSI.  For instance, in chapter 4, it was shown that there is a 
large difference in activation energy between CO2 and N2 for the P12FSI/PVDF 
composite.  While these experiments need to be repeated, they make the point 
sufficiently strongly that other OIPCs that are highly disordered and demonstrate 
high diffusivity should be investigated as they may also exhibit high permeability 
selectivities.
Revisiting the idea of facilitated transport, amine-containing anions could 
enable covalent binding of CO2 and, depending on the substitutions and sterics of the
anion, the resulting carbamate could be very easy to decompose.  Very interesting 
questions are 1) whether or not a membrane like that would continue to be solid or if 
it would "melt" and 2) whether or not the CO2-adduct of the anion would be mobile 
through the matrix at all.
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5.2.7 Mixed Gases and Other Light Gases
The experiments performed in this thesis were single-gas experiments.  
Permeability selectivities are calculated under assumptions of ideality, as explained 
in chapter 1.  While is is standard practice to perform single-gas permeation 
experiments when evaluating membrane performance, single-gas experiments are not
a substitute for mixed gas experiments (section 1.3.3.4 in chapter 1).
In addition to doing mixed gas permeation experiments, the range of gases 
should be expanded to include other common gases such as methane, hydrogen, and 
oxygen to look into expanding potential application to fields like natural gas 
processing, hydrogen production, and the enrichment of oxygen for medical devices.
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CHAPTER 6
APPENDIX
6.1 Fitting Performance Using the 2- and 3- Tank Model
Once the parameters contributing to a curve have been identified and 
quantified, unwanted parameters can effectively be subtracted.  For example, 
correcting flux values late in an experiment as, according to the model, the apparent 
flux is eventually reduced because the auxiliary volume is being repressurized 
(Figure 6.1).  This effect is negligible with the rapidly-permeating CO2, but can 
significantly affect results with the slow-permeating nitrogen despite the auxiliary 
volume having similar discharge profiles under both gases (Figures 6.2, 6.3).  The 
effect is more pronounced with nitrogen because the flux contributed by the auxiliary
volume represents a larger percentage of total flux.  This similarity despite the 
identity of the permeant gas suggests that the volume is pressurized as atmosphere 
leaks past the o-ring.  The profile coincidently looks like the nitrogen gas permeation
profile because the atmosphere leaking into the volume is 78% nitrogen.
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Figure 6.1: One effect of the auxiliary volume is to artificially reduce apparent flux.  This happens 
when the pressure in the permeate tank exceeds the pressure in the auxiliary tank.  This establishes a 
“negative” driving force and results in a net flux into the auxiliary tank from the permeate tank as 
shown in this model.
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Figure 6.2: Initial auxiliary tank pressure for nitrogen experiments at different transmembrane 
pressures in a P122i4PF6/PVDF composite membrane.  This shows a trend of increasing pressurization 
in the auxiliary tank with the feed pressure difference of the preceding permeation experiment.
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Figure 6.3: Initial auxiliary tank pressure for CO2 experiments in a P122i4PF6/PVDF composite 
membrane.  The pressure curves follow a similar trend to those in Figure 6.2.
Accounting for the effects of an unwanted auxiliary volume enabled 
compensation in the form of removing the auxiliary component from the final, 
"corrected", permeation curve.  One result of removing this auxiliary component is 
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the shifting of the x-intercept of a steady-state curve from a negative value to a more 
physically meaningful one (negative x-intercepts are physically meaningless as they 
imply negative diffusion rates, thus indicating faulty experimental conditions).  
Though not used for this purpose in this thesis, a potential future use of a fitting tool 
of this type is is the determination of diffusion rates which can then be used to 
estimate gas solubilities.  These values can then be measured over a temperature 
range to determine kinetic and thermodynamic parameters like activation energies of 
diffusion and heats of solution.  These parameters, as discussed in the previous 
chapters, can then be used to validate molecular dynamics simulations that 
complement instrumental techniques (i.e. NMR, PALS, DSC, IR, etc) in developing 
a model of the physical basis underlying the observed permeation and gas selection 
characteristics of a particular OIPC composite membrane.
The three-volume model has been successful in fitting a number of curves 
(Figures 6.4, 6.5, and 6.6), even properly fitting curves like that seen in Figure 6.4 in 
which a 1 Bar nitrogen experiment directly following a 3 Bar nitrogen experiment 
with no degas time.  It is also notably good at fitting solubility-related segments of 
the early part of the permeation curve, potentially making it useful specifically for 
extracting diffusion data from complex curves such as the ones presented above 
(Figure 6.7 and 6.8).  There are, however, some caveats.  For example, the fit in 
Figure 6.5 is consistently +/- 0.01 mBar until a few hours before the end of the 
experiment.  This late drift can occur when there isn't enough data representing the 
steady-state portion of the curve.  This takes longer to establish for the slower-
permeating N2 than it does for the faster permeating CO2.  This is one reason nitrogen
experiments take so much longer than CO2 experiments on this equipment.  Another 
is fluctuation in pressure measurements that might be the result of properties that are 
intrinsic to the material (metastable states Figure 6.6) or of experimental conditions 
(the Binder has poor temperature control at 75-85 °C).  These cannot be fit by the 
model.
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Figure 6.4: Model fit of nitrogen permeation in P12BF4/PVDF at 35 °C with the fit error displayed on 
the secondary y-axis.  The model fits within 1/100th of a mBar until the last few hours.  Because of 
this, the model curve (blue) is obscured by the empirical curve (green).
0 5000 10000 15000 20000 25000 30000 35000
0
0.5
1
1.5
2
2.5
-0.1
-0.08
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
0.1
Emperical
Model
Auxiliary
Corrected
Error
Time (s)
P
re
ss
ur
e 
(m
B
ar
)
M
od
el
 E
rr
or
 (m
B
ar
)
Figure 6.5: Model fit of nitrogen permeation in P12BF4/PVDF at 55 °C with the fit error displayed on 
the secondary y-axis.  The model curve (blue) is occluded by the empirical curve (green).
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Figure 6.6: Model fit of nitrogen permeation in P1224PF6/PVDF at 35 °C with the fit error displayed on 
the secondary y-axis.  The model fit here is not as close as it is in Figures 6.4 and 6.5 because of 
fluctuations in flux rates during permeation measurement.
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Figure 6.7: Model fit of nitrogen permeation in P12BF4/PVDF at 35 °C.  The solubility of the gas in the
membrane is an important part of the model.  In this case, the second set of experiments at 35 °C on 
this membrane, a 1000 mBar experiment was performed immediately following a permeation 
experiment under a trans-membrane pressure of 3000 mBar with no time for degassing.
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Figure 6.8: Model fit of nitrogen permeation in P12BF4/PVDF at 55 °C.  This experiment was 
performed following vacuum and shows the mode’s ability to fit solubility under normal 
circumstances.
In summary, nitrogen is a slow-permeating gas and must be left to permeate 
for a long time to get reliable flux data.  The primary application for this method is to
quantify the permeate pressure increase originating as leakage in from the 
environment.  This alleviates the necessity for permeation experiments to be carried 
out long enough for the auxiliary volume pressure to equilibrate (as in Figure 6.6 in 
which it took over a day to equilibrate), allowing nitrogen experiments to be run for 
shorter periods while still producing accurate flux information that can then be fitted 
either linearly or by using the power function described in the previous section.
The J vs TMP plot is used in chapters 3 and 4 and both the CO2 and N2 data 
on the P12BF4/PVDF and P12FSI/PVDF composites are handled using both the 3-tank 
model fits and the power functions.
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6.2 3-Tank Model Spreadsheet
The 3-tank model is a curve-fitting routine discussed in chapter 2.  As 
discussed in chapter 2, it was developed to quantify and isolate the effects of the 
exchange of gas with a small portion of the membrane holder that would occur 
during permeation experiments.  
The curve-fitting routine was developed as a spreadsheet and consists of five 
variables that are used to fit a model curve to an empirical curve.  One such example,
shown in Figure 6.9, shows the data from the empirical curve in column R and the 
model curve fit in column Q with the associated fitting "error" shown in cell O3 in 
Figure 6.9
There are several defined constants (Figure 6.9 columns B and C, rows 1-3) 
including the volumes of the feed and permeate tanks as well as the estimated 
volume of the space in the membrane holder referred to as the "auxiliary" volume.  
The calculated relationships between the volumes of these tanks are shown in Figure 
6.9 columns F and G, rows 1-3).  The time step is also defined in Figure 6.9 cell C4 
as a value equal to the default time step of the empirical data presented in column R. 
The default time step in measuring permeate pressure on the gas-separation apparatus
is 20 seconds.
The variables shown in Figure 6.9 columns Q and R include the empirically 
determined transmembrane pressure (Main Drive) and five fitted variables including 
the initial pressure in the auxiliary tank (Aux Drive), the mass transfer rate between 
the feed and permeate tanks (Main), the mass transfer rate between the auxiliary and 
permeate tanks (Aux), the initial concentration of the gas in the membrane (preSat), 
and the solubility of the gas in the membrane (Sol).
The concept was developed in the spreadsheet shown in Figures 6.9, 6.10, 
and 6.11 and the process of fitting was then automated by reproducing the 
spreadsheet equations in a Python script and fitting variables until a minimum error 
value was found.  Again, a numerical example can be seen in Figure 6.9 and the 
spreadsheet equations, reproduced in the Python script, are seen in Figures 6.10 and 
6.11.  Fit performance is discussed in chapter 2 and in chapter 6, section 6.1.
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Figure 6.9: 3-tank model spreadsheet with numbers
158
Figure 6.10: 3-tank model spreadsheet with formulae columns B-N
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Figure 6.11: 3-tank model spreadsheet with formulae columns H-U
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6.3 Publications 
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